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Abstract 
Nano composite materials consisting of gold nanoparticles (AuNPs) and 
functionalised multiwalled carbon nanotubes (fMWCNTs) were initially prepared 
using simple synthetic reduction methods, involving the chemical agents sodium 
borohydride and trisodium citrate.  These composites were named fMWCNT-
Aunano(NaBH4) and fMWCNT-Aunano(TriSodCit).  AuNPs of a face-centred cubic 
structure were successfully formed on the sidewalls of the fMWCNTs.  The 
fMWCNT-Aunano(NaBH4) composite had an Au loading of 2.0% wt. and contained 
AuNPs with a mode diameter of 7.5 nm.  The fMWCNT-Aunano(TriSodCit) composite 
had an Au loading of 5.0% wt. and contained AuNPs with a mode diameter of 23 nm.  
These composites were used to form films on glassy carbon and screen printed 
electrodes for the non-enzymatic electrochemical detection of glucose in PBS buffer 
at physiological pH.  Electrochemical pre-treatments in sodium hydroxide and sulfuric 
acid provided films with improved sensitivity.  These films were combined with a 
Nafion® membrane to improve selectivity towards glucose in the presence of 
commonly occurring interferants. 
The fMWCNT-Aunano(NaBH4) composite was also combined with palladium 
nanoparticles (PdNPs) to form a composite named fMWCNT-Aunano/Pdnano.  This bi-
metallic composite was formed using a potentiostatic electrodeposition of Pd onto the 
surface of pre-existing fMWCNT-Aunano(NaBH4) films.  These PdNPs had a mode 
diameter of 95 nm and the Pd loading was close to 3.0%.  This composite film was 
used for the electrochemical detection of glucose, whereby it facilitated its oxidation 
at more negative potentials in comparison to the fMWCNT-Aunano composites.   
Interference studies were carried out using chemical species commonly present in the 
blood; ascorbic acid, uric acid, fructose, galactose, serum albumins, chloride and 
acetaminophen.  The severity of interference varied at each electrode and it was shown 
that Nafion® reduced the level of interference.  Sensor reusability and shelf-life studies 
were also carried out using the composite modified films.  These films provided 
accurate glucose detection over twelve successive uses, although they were not 
deemed to be suitable for storage.    
The materials were characterised using TEM, SEM, EDX, AAS, XRD, EIS, UV-Vis 
and Raman spectroscopy.  An electrochemical characterisation also showed that a 
Abstract 
 
xii 
 
significant electroactive area of Au was present in the fMWCNT-Aunano(NaBH4) and 
fMWCNT-Aunano(TriSodCit) composite when cast onto an electrode surface. 
Overall these composite materials show good initial promise for use as non-enzymatic 
glucose sensors based on these preliminary studies. 
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1.1     Carbon Nanotubes 
1.1.1     What are Carbon Nanotubes? 
Carbon nanotubes (CNTs) are cylindrical allotropes of carbon that possess valuable 
thermal 1, 2, mechanical 3, 4 and electrical properties 2, 5.  Although their formation was 
initially reported in 1976 by Oberlin and co-workers 6, they were brought to the 
attention of the wider scientific community in 1991 by Iijima 7.  CNTs of various sizes 
have been produced and some have even been developed with length-to-diameter 
ratios close to 132,000,000:1, which is impressively larger than that obtained for any 
other material 8.  
1.1.2     Structures and Properties of Carbon Nanotubes 
CNTs typically exist as either singlewalled nanotubes (SWNTs) or multiwalled 
nanotubes (MWNTs) 9.  Both of these types of CNTs are composed of graphene which 
is a material consisting solely of carbon in a one atom thick polycyclic aromatic layer 
9.  SWCNTs are the smallest CNTs in diameter and consist of a single graphene sheet 
rolled into a cylindrical form.  MWCNTs are larger and consist of two or more rolled 
layers of graphene 9.  Most SWCNTs have a diameter between 1 and 3 nm with 
exceptionally larger lengths 10 and MWNTs can have diameters ranging in size from 
5 to 100 nm and lengths in the micrometer region 11.  Visual representations of these 
CNTs are displayed in Figure 1.1, taken from work by Choudhary and Gupta  12. 
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CNTs exhibit impressive properties such as high tensile strength 3, 4, electrical 2, 5 and 
thermal conductivity 1, 2 and possess modifiable surfaces 13.  This makes them 
attractive and potential candidates in many applications including fuel cells 14, energy 
storage 15, sensors 16, transistors 17 and in nanoelectronic devices 18.  CNTs are one of 
the strongest materials in nature.  The bonding in CNTs is sp², as each carbon atom is 
bonded to three neighbours, which is the same as in graphite. This type of bonding 
gives the CNTs their unique strength.   It has been shown that CNT axial strength is 
even harder than the sp3 bonds found in diamond 19.  Studies by Yu et al. on the tensile 
strengths of MWCNTs, found that this strength can range from 11 - 63 GPa and the 
Young's modulus is in the order of 270 - 950 GPa 3.  The electrical conductivity of 
CNTs is associated with the sp2 bonding between the carbon atoms.  This bonding 
leaves an extra valence electron in the Pz orbital to hybridise with the other Pz orbitals 
thereby forming a delocalised π bond 5.  The nature of the graphene wrapping, 
chirality, can determine whether the CNTs exhibit metallic or semiconducting 
properties 5. 
1.1.3     Synthesis of Carbon Nanotubes 
Techniques including arc discharge and laser ablation were at first used to produce 
CNTs, although these syntheses use high temperatures and are now typically replaced 
 
 
 
 
 
 
Figure 1.1: Representations of singlewalled and multiwalled carbon nanotubes 12. 
SWCNT                 MWCNT 
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by lower temperature chemical vapour deposition (CVD) 20.  The use of arc discharge 
to produce CNTs was accidentally discovered in 1991 in work by Iijima who’s aim 
was actually to produce fullerenes 7.  Iijima referred to these CNTs as ‘needle-like’ 
tubes. 
The various conditions used in arc discharge synthesis are reported in work by Ando 
and Zhao and in references therein 21.  In a typical synthesis, two graphite electrodes, 
an anode and cathode, are aligned vertically in a low pressure vacuum chamber 
separated by a distance of 1 - 2 nm.  Ambient gas is then injected into the vacuum 
chamber and a DC arc discharge is applied to the graphite electrodes.  This results in 
carbon from the anode being deposited on the surface of the cathode in the form of 
MWCNTs with other carbon nanoparticles including SWCNTs and fullerenes.  A 
purification step involving infrared radiation and high temperatures can then be used 
for separation of the MWCNTs.  Gasses used in these syntheses include hydrogen, 
helium, argon, methane and acetylene, of which acetylene and hydrogen are 
considered to be the best as they are reported to produce long fibrous MWCNTs. 
As mentioned previously, chemical vapour deposition (CVD) is commonly used to 
produce CNTs.  CVD is advantageous as it allows precise control of the CNT 
orientation, alignment, length, diameter and purity 20.  CVD results in higher yields 
and better purity of MWCNTs in comparison to arc discharge and laser ablation.  
These MWCNTs produced may have inferior crystallinity, in comparison to the 
crystallinity of SWCNTs grown by this method 22.  In CVD setup, a hydrocarbon 
vapour, including benzene, acetylene or carbon monoxide, is passed through a reactor 
tube for a period of time, typically between 15 - 20 min, and at temperatures between 
600 – 1200 ⁰C, in the presence of a catalyst.  The resulting CNTs form on the surface 
of the catalyst and can be collected upon cooling.  Commonly used catalyst materials 
include Fe, Co or Ni nanoparticles which are useful due to the high solubility of carbon 
in these materials and their high melting points 22. 
The use of laser ablation for the mass production of CNTs was first reported in 1996 
in work by Smalley and coworkers 23.  This method does not favour the production of 
MWCNTs, although is very useful for producing SWCNTs and can result in samples 
with up to 90% purity 24.  In a typically setup, a laser beam is focused onto a composite 
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consisting of graphite and a metal, including Co, Cu, Nb, Ni or various combinations, 
while under a high temperature of around 1200 ⁰C and in the presence of an inert gas, 
such as Ar.  As the laser is scanned across the surface of the composite, its surface is 
then vapourised and deposited onto a collector in the form of CNTs.  Impurities may 
include amorphous carbon and the catalysts used 24. 
1.2     Metal Nanoparticles 
1.2.1     What are Nanoparticles? 
Nanoparticles are particles ranging in size from 1 and 100 nm that can be composed 
of various metals or materials 25.  They can be produced and stabilised in solutions 
known as colloids 26 or on specific surfaces or materials, thereby forming composite 
materials 27-29.  These nanoparticles possess interesting properties that neither mirror 
their constituent bulk substances or small molecules 30 and due to their unusual 
properties they are used in various applications from biomedicine 25 to electronics 31, 
32.  The use of nanoparticles dates back to the Roman times, during which Au 
nanoparticles (AuNPs) in the colloidal form were used in glass staining for decorative 
purposes 33. 
1.2.2     Structures, Properties and Applications of Metal Nanoparticles 
Metal nanoparticles are commonly produced from gold (Au) 34-36, silver (Ag) 37-39, 
copper (Cu) 40-42, palladium (Pd) 29, 43, 44 and iron oxide (Fe2O3) 
45-47 and can exist in 
many shapes, including cylindrical and hexagonal nanorods 37, 48, 49, nanospheres 37, 39, 
50, nanotriangles 38, oval shaped nanoparticles 51, and nanoboxes and nanocages 52.  
Nanoparticles are typically considered to be under 100 nm in size and it is these 
dimensions that allow them to possess their interesting properties and advantages over 
their bulk counterparts 53.   When under 10 nm in diameter they can be closer to the 
size of small molecules than the bulk metal, although their physical properties neither 
resemble those of bulk metal or those of molecules 30. 
In recent years, many areas have embraced the use of nanomaterials due to their use 
in various useful applications.  One such use is in catalysis, in which metal 
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nanoparticles can be used as heterogeneous catalysts for various kinds of chemical 
reactions.  This is due to their large surface-area-to-volume ratios 54.  Metal 
nanoparticles can be used in gas sensors, which is again due to their large surface areas 
55-57.  An example of this can be seen in studies by Zhang et al. 55 in which 
monodisperse Cu2O and CuO nanospheres formed in three-dimensional patterns are 
used for sensing of alcohol, gasoline and hydrogen sulfide gas.  In these sensors, the 
presence of the charged oxygen adsorbed on the copper oxides is presumed to react 
with the gas, which leads to a change in the surface charge layer and an increase in 
Cu2O and CuO resistance and ultimately the detection of the gas. 
Metal nanoparticles can also be used in drug delivery systems for anti-tumour 
therapies 45, 58, 59.  Work by Chertok et al. 58 investigated the possibility of using Fe3O4 
nanoparticles for targeted brain tumour drug delivery.  This was undertaken on rats 
harboring orthotopic 9L-gliosarcomas and the magnetic nature of the Fe3O4 
nanoparticles allowed their delivery to be monitored using MRI.  They found that a 5-
fold increase in the total tumour exposure occurred in the presence of the Fe3O4 
nanoparticles. 
In several recent works, it has been shown that silver nanoparticles (AgNPs) can 
possess anti-microbial properties 60-63.  Work by Vijayakumar et al. 60 involving the 
use of AgNPs synthesised through a green chemistry route using plant extracts, 
showed that these AgNPs can possess anti-bacterial properties against staphylococcus 
aureus, Bacillus subtilis, Escherichia coli, and Proteus subtilis.  This research was 
carried out on bacterial cell cultures on agar plates and the resulting zones of inhibition 
were measured.  The exact anti-microbial mechanisms were not known exactly but it 
was suggested that the AgNPs may interact with the bacterial membranes and cause 
permeability and degradation, thereby resulting in cell death. 
Meanwhile AuNPs, have also attracted substantial interest because of their unique 
optical and electrical properties, as discussed in recent works 64-66 as well as large 
active surface areas and excellent catalytic properties 67, 68 which originate from their 
small sizes and high surface-area-to-volume ratios 68.  AuNPs can be used in a variety 
of applications including assays for pesticides 69, as SERS-active tags for cellular 
spectral detection 70 and for the colourimetric detection of DNA, small molecules, 
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proteins, and ions 71.  They can also be used for the colourimetric detection of Cr3+ 72, 
in various electrochemical sensors for the detection of oxygen 73, 74, nitrobenzene 75 
and glucose 76, 77, in drug delivery 78 and in anti-tumour therapies 78.  An example of 
the use of AuNPs in colourimetric detection of the heavy metal chromium can be seen 
in work by Zhao et al. 72.  In this work, it was discovered that the selective detection 
of Cr3+ was possible even with the coexistence of other transition metal species, 
including Zn2+, Ni2+, Co2+, Cu2+, Mn2+ and Pb2+.  This was possible by examining the 
change in the wine-red colour of the AuNP colloid solution and the surface plasmon 
resonance peak of the AuNPs at 520 nm during UV-Vis spectroscopy upon the 
addition of Cr3+.  The additions of Cr3+ caused a change in colour from wine-red to 
blue, which indicated that an aggregation of the AuNPs was occurring and a new 
absorption band appeared at 630 nm.  This process was only observed upon the 
addition of Cr3+.  AuNPs have the ability to resonate at their plasmon wavelengths in 
the visible spectrum due to their ability to sustain oscillation of electrons known as 
surface plasmons at their surface, this allows them to be active during UV-Vis 
spectroscopy 79. 
The application of AuNPs in non-enzymatic glucose sensing is reported in recent work 
by Chang et al. 77.  Their work involved the formation of AuNPs ranging from 4 nm 
to 40 nm in size on glassy carbon (GC) electrodes using the reducing agents, sodium 
borohydride and trisodium citrate.  These modified GC electrodes provided high 
surface area and sensitive films for the non-enzymatic oxidation of glucose in alkaline 
solution. 
Similarly to the works mentioned previously involving AuNPs, palladium 
nanoparticles (PdNPs) have also been used in colourimetric detections of chemical 
species 80 and in non-enzymatic glucose sensors 81.  Lan et al. 80, reports the use of 
PdNPs for the colourimetric detection of the amino acid sarcosine, which is produced 
in high concentrations in patients with prostatic carcinomas.  Work by Chen et al. 81, 
reports the formation of PdNPs supported on CNTs and their applications in non-
enzymatic glucose detection in alkaline media. 
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1.2.3     Synthesis of Metal Nanoparticles 
Metal nanoparticles are typically produced using a “bottom-up” method in which the 
reduction of metal salts is undertaken via chemical, electrochemical or decomposition 
pathways 26.  During these syntheses, a variety of stabilisers, typically named “capping 
agents”, including, ligands, polymers, and surfactants, are used to control the growth 
of the nanoparticles formed and to prevent their agglomeration 26.  The most 
conventional method for the synthesis of spherical AuNPs was pioneered in 1951 by 
Turkevich et al. 82 and was later refined in 1973 by Frens et al. 83.  This method 
produces monodisperse AuNPs in the form of a ruby-red colloid via the chemical 
reduction of an Au(111) chloride (HAuCl4) salt using sodium citrate as the reducing 
agent.  Shown in Scheme 1.1, is a schematic representation of citrate stabilised AuNPs 
produced by the Frens method, taken from Ghosh et al. 84.  An example of the ruby-
red colloid formed using this method and its development during the synthesis is 
shown in Figure 1.2.  This image was taken from Kumar et al. 85. 
 
 
 
Scheme 1.1:  Representation of citrate stabilised AuNPs produced by the Frens method, 
taken from Ghosh et al. 84. 
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The mechanisms involved during nanoparticle formation is described in an article by 
Zhou et al. 26 and in the references therein.  One of the most common methods to 
produce metal nanoparticles uses the chemical reduction of transition metal salts, 
using reducing agents such as trisodium citrate and sodium borohydride, in the 
presence of stabilising and capping agents.  These reactions generate colloidal 
solutions of zerovalent nanoparticles in either aqueous or organic solutions.  The initial 
step in the production of these nanoparticles is the formation of zerovalent metal atoms 
from the metal salt, known as “seed” nuclei, followed by growth, and agglomeration 
to form larger nanoparticles.  To stabilise these newly synthesised nanoparticles and 
to stop their agglomeration, is it necessary to use protecting agents.  These protecting 
agents may exert their effects by electrostatic stabilisation, in which an electrical 
double layer causes a repulsion effect between the nanoparticles or by steric 
stabilisation, in which large organic molecules act as bulky protective agents on the 
metal surface.  Protecting agents include, polymers, solvents such as THF, 
THF/MeOH, long-chain alcohols, organometallics and surfactants.  Typically, 
hydrophilic agents are used in aqueous colloidal solutions and hydrophobic agents in 
organic colloidal solutions.  Many of these substances can also be regarded as capping 
agents, which both prevent the nanoparticles from aggregating and can control their 
size. 
 
Figure 1.2: Ruby-Red colloid and AuNPs produced using the Frens method,  taken from 
Kumar et al. 85. 
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Other than the conventional methods for nanoparticle generation mentioned 
previously, other methods can be employed, including syntheses using ultrasonication 
86, 87, electrodeposition 27, 88-90 and electroless deposition 91.  In recent work by Kumar 
et al. 86, the synthesis of AgNPs using ultrasonication is reported.  AgNPs ranging 
from 23 nm to 97 nm were produced and starch was used both as a stabilising and 
capping agent.  This synthesis is considered a green synthesis due to the use of the 
naturally available starch and its efficiency.  Another efficient route is by 
electrodeposition.  An example of this can be seen in work by Spain et al. 88 in which 
AuNPs were electrosynthesised on top of a PEDOT conducting polymer film from an 
HAuCl4 solution, made in 0.1 M KCl, by applying a fixed potential of -0.273 V vs. 
AgCl.  This synthesis took only 3 min to complete and the resulting composite 
possessed a high surface of AuNPs.  Other than mono-elemental nanoparticles, various 
poly-metallic alloy nanoparticles can be produced using electrodeposition 27, 89, 90, 92.  
Recent work by Xu et al. 27, reports the electrosynthesis of tri-metallic AuPdCu 
nanoparticles formed on MWCNT films.  This was completed using a mixture of Au, 
Pd and Cu salts in a Na2SO4 electrolyte and by applying a potential of -0.20 V vs. SCE 
for 200 s.  This created nanoparticles of around 80 nm in size. 
     1.3     Carbon Nanotube-Metal Nanoparticle Composite Materials 
1.3.1     What are Composite Materials? 
Composites are materials produced using two or more materials of different properties 
to form a new material with characteristics different from the individual comprising 
materials which are better than the individual components 93.   
1.3.2     Structures, Properties and Applications of Composite   Materials 
Composite materials are commonly produced using CNTs 27, 42, 94-96, graphene 88, 97, 98, 
various metal nanoparticles including AuNPs 97, 98, PdNPs 81, 99, CuNPs 42, 96 , PtNPs 
100, bi-metallics 27, 89 and polymers 94, 95.  As mentioned, the formation of a composite 
material produces a material with characteristics different from the individual 
components comprising the materials and the material is better than the individual 
components 93.  CNTs are frequently used in composite materials due to the varied 
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qualities they can provide including improved strength and electrical conductivity, 
improved mechanical properties, their low density and their high aspect ratio 101 and 
due to their modifiable surfaces 13.  In work by Guo et al. 94 on the formation of a 
composite consisting of CNT-poly acrylic acid fibers, it is shown that a combination 
of these two materials resulted in a composite material with enhanced mechanical 
strength and electrical conductivity in comparison to the individual materials.  Another 
example of these improvements can be seen in work by Wang et al. 95 in which a CNT-
Nylon composite displays enhanced electrical and mechanical properties. 
CNTs are frequently used in the formation of CNT-metal nanoparticle composites in 
which their function is often to provide high surface area conducting platforms for 
metal nanoparticle growth and to aid in nanoparticle stabilisation 100.  An example of 
this can be seen in work by Wang et al. 102, in which CNTs were used as a PtNP 
support for proton exchange fuel cell membranes.  They proposed that the surface 
areas of the PtNPs could be further increased with the use of the CNT supports and 
that this may be a way to reduce the cost of the fuel cell.  Other examples of CNTs 
being used as nanoparticle supports can be seen in work involving CuNP-CNT 42, 96, 
PdNP-CNT 81, 99 and PtNP-CNT composites  100, all for the use in electrochemical 
sensing films for glucose.  Other metal nanoparticle composites showing enhanced 
electrochemical properties include AuNP-CNT 103-107, AuNP-graphene 97, 98 and AuNP 
modified conducting polymers 108, 109.  Many electrochemical sensors utilising 
AuNPs/CNT composites have been reported, including various biomedical-type 
sensors for DNA 110, hydrogen peroxide 111 , glucose 76, 112, for the neurotransmitters 
cortisol 104, androsterone 104 and dopamine 105 and the  neurotransmitter precursor L-
DOPA 113.  Environmental sensors using these composites include those for the 
quantification of toxic metal ions and inorganic and organic pollutants in water 
including nitrites 106 thiocyanate 107 arsenic 114 mercury 115, nitrobenzene 75 and 
organophosphates 116. 
1.3.3     Synthesis of Gold Nanoparticle-Carbon Nanotube Composites 
Various synthetic procedures exist for the production of AuNP/CNT composites, 
which can be multi-stepped and commonly involve the functionalisation of the CNTs 
with thiol groups.  These surface modifications usually employ the initial 
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carboxylation of the CNTs using strong acids, followed by an activation of these 
functionalities with either thionyl chloride 28, 50, 117 or a carbodiimide 118, 119, to form 
acyl chlorides and carbodiimide esters on the CNT surfaces, respectively.  These 
activations allow the formation of an amide linkage with an amine-thiol 28, 50, 117-119 
containing compound to produce the functionalised CNTs that are useful for the self-
assembly of pre-prepared AuNPs or their direct reduction onto the CNT surfaces.  
Although these procedures can provide composites with exceptional AuNP surface 
coverage, their preparations are often multi-stepped and more simplistic approaches 
can be explored.  Other procedures for the formation of AuNP/CNT composites 
include those using adsorption of pre-made AuNPs on CNTs during ultrasonication 
120, the electrodeposition of AuNPs onto CNT films 106, 107, 116, the one step-synthetic 
reduction onto CNTs using a reducing agent 87, 103 and even through direct casting of 
AuNPs onto CNT films 121.   
1.4     Electrochemical Glucose Sensors 
1.4.1     What is Glucose? 
Glucose is a six-carbon sugar, known as a hexose and is also an aldehyde.  It is the 
most abundant monosaccharide in the body and it is used as an energy source during 
cell respiration 122.  Physiologically it is present at concentrations ranging from 4 – 8 
mM 123 in the blood, although these levels vary throughout the day 124.  The structure 
of an open chain glucose molecule is shown in Figure 1.3. 
 
Figure 1.3: Open chain structure of glucose. 
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1.4.2     Mutarotation of Glucose 
Many saccharides including pentoses and hexoses are present as a mixture of open 
chain and two diastereomeric cyclic structures each exhibiting an additional chiral 
carbon centre 125.  Diastereomers are produced due to hemiacetal or hemiketal 
formation and are referred to as anomers.  These cyclic forms are more stable than the 
open chain form and when in solution, the isomers interconvert rapidly until an 
equilibrium is reached 125.  This interconversion is called mutarotation and in the case 
of glucose, results in 64% of the β anomer, β-D-glucopyranose and 34% of the α 
anomer, α-D-glucopyranose, with only trace amounts of the open chain aldehyde form 
remaining at 0.003% 125-127.  In the β anomer the OH group of the anomeric carbon is 
positioned in the equatorial position thus making this anomer most thermodynamically 
stable and abundant 125.  When dissolved in solution, glucose must be left for a period 
of time to allow its diastereomers to reach equilibrium 126.  In a study by Perles and 
Volpe 128, it was found that equilibrium between the anomers was reached after 3 to 4 
h at room temperature.  They made this conclusion through measuring the rotation of 
the glucose species using a polarimeter.  An example of glucose mutarotation in 
neutral solution can be seen in Scheme 1.2, taken from Silva et al. 127. 
The enzyme glucose oxidase (GOx) used in commercial glucose sensors is specific for 
the β form of glucose and as such mutarotation must be given time to take place 129.  
For non-enzymatic glucose sensing, the process of mutarotation may also be 
important.  Work by Largeaud et al. 130, involving glucose detection at Pt, found that 
the α form of glucose exhibited poor reactivity at Pt and that the β form was the most 
reactive.  This poor reactivity of the α form may be attributed to the equatorial 
geometric orientation of the hydrogen atom of the anomeric carbon 130. 
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1.4.3     Why do we need Glucose Sensors? 
Detection of glucose is of utmost importance in society with the present and ever 
increasing diabetes epidemic. Recent figures put the worldwide diabetes prevalence at 
an astronomical 6.4% of the world’s adult population.  This is predicted to increase to 
7.7% by 2030 131. In Ireland alone there are believed to be 250,000 individuals afflicted 
with the condition with another 100,000 existing but undiagnosed and possibly a 
further 100,000 having pre-diabetes 132.  If not diagnosed, managed and treated, 
diabetes can carry many complications including high blood pressure, heart disease, 
stroke, kidney disease, blindness, amputation and other serious issues 133.   
Other than the possible health complications carried with diabetes, major financial 
expenditure is associated with it.  According to the CODEIRE study, in Ireland alone 
it is calculated that diabetes costs the Irish health service almost €600 million per 
annum.  This is roughly 6.4% of the total health budget and this figure will rise as 
diabetes prevalence increases 134.  In the United States, this cost is much higher at $245 
billion for both direct and indirect-related expenses 133. 
1.4.4     What are Electrochemical Glucose Sensors? 
Due to the prevalence of diabetes worldwide, rapid, selective and reliable methods for 
the determination of blood glucose levels are essential for diabetes testing, 
management and treatment.  As such, over recent years much research and 
development has been focused on the production of electrochemical glucose sensors.  
It is estimated that 85% of the biosensor market is composed of glucose sensors, with 
 
Scheme 1.2:  Mutarotation of glucose 127. 
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the majority of them utilising the enzyme GOx for the detection and quantification of 
glucose 135.  A conventional glucose monitor consists of a test strip which is inserted 
to the glucose meter.  These tests strips are electrochemically based and typically 
consist of working, counter and reference electrodes.  It is on this test strip that the 
glucose sensing takes place 136.  An example of a commercialised glucose monitor by 
Abbott, which uses disposable test strips, is shown in Figure 1.4 136. 
1.4.5     Enzymatic and Non-Enzymatic Sensors 
The first enzymatic glucose biosensors were developed in 1962 by Clark and Lyons 
137, which indirectly quantified glucose concentrations through the measurement of 
background oxygen consumed during the oxidation of glucose by GOx.  This was 
quantified by measuring the decrease in the currents obtained from the dissolved 
background oxygen.  Although, the varying concentrations of background oxygen 
caused problems in this sensing system and as such it was developed further by Updike 
and Hicks to account for these variations 138.  In their work they used two working 
electrodes with one covered with GOx to correct for the background oxygen 
variations.  Using this method, the differential currents between the working 
electrodes were measured.  The first amperometric enzyme glucose sensor was 
developed in 1973 by Guilbault and Lubrano 139 which consisted of GOx immobilized 
 
Figure 1.4:  Blood glucose monitor by Abbott 136. 
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to an electrode surface using cellophane.  This sensor showed accuracy, precision, and 
stability. 
GOx is commonly used in enzymatic glucose sensors.  This enzyme contains a large 
redox active region called the flavin adenine dinucleotied (FAD) centre.  It is this 
centre that enables GOx to detect glucose 126.  Upon interaction with glucose, glucose 
becomes oxidised to gluconolactone and the FAD region becomes reduced to FADH2, 
as shown in Equation 1.1 126.  At this point the FAD centre must be regenerated 
through oxidation to allow glucose sensing to continue.  This can be done using 
naturally present oxygen in the blood, by reacting with a mediator, or through direct 
oxidation at the electrode 126.  As such, enzymatic sensors can be grouped into three 
different generations, first, second and third generations, depending on this FAD 
regeneration mechanism 126.   
First generation sensors depend on the presence of oxygen to regenerate the FAD 
centre and to act as an electron mediator between GOx and the electrode surface.  
Hydrogen peroxide is produced in this reaction, which is subsequently oxidised at the 
electrode surface and correlates to the quantity of glucose present.  This is described 
by Equation 1.2 126.   
The first generation glucose electrodes suffer from two major issues; the reliance of 
abundant oxygen in the blood being analysed, which can vary considerably, and the 
possible interference from various redox species 126, 140.  The potentials used to 
oxidised hydrogen peroxide are sufficient to oxidise various other species, interferants, 
found in blood 140.  Shown in Scheme 1.3 is a schematic representation of glucose 
detection at a first generation glucose sensor containing GOx, taken from Park et al. 
140. 
GOx(FAD) + glucose   GOx(FADH2) + glucolactone 1.1 
GOx(FADH2) + O2    GOx(FAD) + H2O2 1.2 
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Due to the issue of oxygen dependence seen in first generation glucose sensors, 
synthetic redox active mediators can be used for electron transfer and enzyme 
regeneration 127, 141.  These mediators may include transition metal complexes, 
including ferrocene and its derivatives, ferricyanide and guinones 141.  An example of 
the reaction involved between these redox mediators and the reduced FAD domain is 
shown in Equation 1.3 141. 
The use of these complexes is suitable as they effectively diffuse to and from the 
enzyme and electrode surface, they possess lower redox potentials which reduce the 
possibility of oxidising other interferants present, have high stability and a low toxicity 
127.  Although mobility in the electrochemical system is important, it can also be a 
drawback as problems with leaching into the surrounding solution may occur 141.  
Another possible issue in these systems is that the presence of oxygen in the blood 
sample may also compete with the synthetic redox mediator and contribute to the 
amount of H2O2 produced, thus affecting the sensors accuracy 
127.  Also, these 
mediators may react with certain interferants present in the blood, although they are 
still less susceptible to interference, in comparison to first generation sensors, due to 
lower working potentials 141, 127.  Shown in Scheme 1.4 is a schematic representation 
of glucose detection at a second generation glucose sensor containing GOx, taken from 
Park et al. 140. 
 
Scheme 1.3:  Schematic of a first generation glucose sensor 140. 
GOx(FADH2) + M(ox)   GOx(FAD) + M(red) + 2H+ 1.3 
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To overcome the oxygen dependency issues of first generation glucose sensors and 
the mediator-related issues of the second generation sensors, third generation sensors 
were developed.  These sensors are based on the direct electron transfer between the 
enzyme and the electrode surface thereby bypassing the need for synthetic mediators 
or oxygen 140.  An example of a third generation glucose sensors can be seen in work 
by Zayats et al. 142 in which a multi-step process involving the direct electrical 
contacting of GOx to the electrode surface is reported.  The formation of this sensor 
is multi-stepped, initially involving the self-assembly of pyrroloquinoline quinone 
(PQQ) electron relay monolayers on the electrode surface, followed by the attachment 
of a FAD domain and the coupling of this FAD domain with apo-GOx to form the 
completed GOx enzyme.  Apo-GOx is a form of GOx without the redox active FAD 
domain.  This results in an aligned, electrically contacted electrode with exceptional 
electron-transfer similar to the rates observed between the enzyme with its natural 
mediator, oxygen.  Shown in Scheme 1.5 is a schematic representation of glucose 
detection at a third generation glucose sensor containing GOx, taken from Zayats 
et al  142. 
 
 
Scheme 1.4:  Schematic of a second generation glucose sensor 140. 
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Although the first, second and third generation enzymatic glucoses sensors provide 
good selectivity towards glucose, they are still affected by mediator-related issues, 
oxygen dependency and last but not least, enzyme degradation 140.  Enzymes used such 
as GOx and glucose dehydrogenase (GDH) exhibit degradation with pH, temperature 
and humidity changes 140, 143.  These issues may result in inaccurate glucose sensing 
140.  One way to possibly resolve these problems and that may provide more accurate 
glucose detection is to develop enzyme-less sensors, known as non-enzymatic glucose 
sensors.  This is an approach to glucose detection that is gaining much attention as 
eliminating the use of the enzymes could offer a more stable and accurate glucose 
detection and also simplicity in sensor design 140, 144.  Rather than facilitating the needs 
of a delicate and relatively difficult enzyme, non-enzymatic sensors aspire to directly 
oxidise glucose in the sample 126.  An example of a non-enzymatic glucose sensor 
comprising Au can be seen in recent work by Prehn et al. 135.  In this work it was 
suggested that the mechanism for the electrocatalytic oxidation of glucose at Au is a 
multistep process.  The most important step involves the chemisorption of OH anions 
onto the Au surface, forming AuOHads and it is believed that this adsorbed layer gives 
Au its catalytic activity towards glucose.  The use of Au and other non-enzymatic 
materials is discussed in further detail in the following sections, Sections 1.4.2.1 – 
1.4.2.3.  Shown in Scheme 1.6 is a schematic representation of glucose detection at a 
fourth generation non-enzymatic glucose sensor consisting of Au, taken from Prehn 
et al 135. 
 
Scheme 1.5:  Schematic of a third generation glucose sensor 142. 
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1.4.6     Materials used in Non-Enzymatic Glucose Sensors 
1.4.6.1     Metals, Bi-Metallics and Alloys 
Enzymatic glucose sensors involving GOx show high sensitivity and selectivity, 
although as mentioned some disadvantages may exist, including complicated multi-
step development procedures, mediator-related issues and thermal and chemical 
instability 145.  As such much interest over recent years has been paid to the 
development of non-enzymatic glucose sensors 144.  It has been shown in various 
works that some noble metals, including Au 77, 135, 146-148 and Pt 149, 150 are useful in 
these non-enzymatic sensors along with  alloys including PtAu 151, PdAu 152, PdCu 153 
and various other Au bi-metallics involving Cu, Ag, Ru, Pt, Pd and Cd 154.  
Furthermore, many metal oxides, such as CuO 155-158, NiO 145, 159, NiOPt 160 and 
NiO/TiO2 
161 have been used for the detection of glucose non-enzymatically. 
1.4.6.2     Gold Metal and Detection of Glucose 
Au is a frequently used material in non-enzymatic glucose sensing 77, 135, 146-148 and it 
yields good electroactivity towards the oxidation of glucose, even though it does not  
possess strong chemisorbing ability due to its filled d orbitals 126.  It even shows better 
electroactivity in comparison to Pt metal which has also been greatly researched as a 
non-enzymatic glucose sensing material 126 and it also provides more negative 
potentials of oxidation in comparison to other substrates 148.  At Au, it has been 
reported that glucose may be oxidised directly to gluconate, or to gluconolactone 
 
Scheme 1.6:  Schematic of a fourth generation glucose sensor 135. 
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which then can be oxidised to gluconate 146.  Although Au is commonly used in non-
enzymatic glucose sensing, the mechanisms of glucose detection are not known 
exactly and various mechanisms have been suggested, which draw inspiration from 
detection at Pt metal 162.  One such method has been outlined in work by Zhu et al. 76 
in which the non-enzymatic detection of glucose was undertaken at an AuNP-CNT-
ionic liquid composite film.  In this work, a multi-step glucose oxidation process was 
apparent and various oxidation peaks in the forward and reverse scans were observed 
for glucose.  No reduction peaks for glucose occurred.  Zhu et al. 76 assigned the 
oxidation peaks as to an initial oxidation peak, observed in the forward scan, resulting 
from the electrosorption of glucose at the C1 anomeric carbon onto the Au surface to 
form an adsorbed intermediate and the subsequent release of the C1 hydrogen atom.  
These intermediates accumulate on the Au surface and glucose oxidation is inhibited, 
although as the potential is further scanned in the positive direction, this promotes the 
formation of OH radicals on the Au surface, forming Au(OH)ads, which is believed to 
be highly catalytically active towards glucose 76, 146, 163, 164.  Zhu et al. 76 then suggested 
that these (OH)ads species may oxidise the adsorbed intermediates thereby yielding 
fresh Au surfaces for the further oxidation of glucose.  This yields the second peak in 
the forward scan.  As more positive potentials are reached, glucose oxidation ceases 
due to the buildup on Au oxides, which may result in a third peak in the forward scan.  
Although, during the reverse scan, these oxides are reduced and a fresh Au surface is 
again exposed.  This fresh Au surface results in another glucose oxidation peak, in the 
reverse scan.  Overall in their work, three oxidation peaks occurred in relation to 
glucose and this detection was carried out at a high pH in NaOH solution.  As 
mentioned, basic media provides more favourable conditions for glucose oxidation 
possibly due to the increased amounts of Au(OH)ads formed at high pH 
76 and it may 
also increase the % of the β anomer, which may be more sensitive to oxidation 130.  
Although much reported work involving non-enzymatic glucose detection at Au and 
other materials usually conduct glucose detection in alkaline conditions at pHs close 
to 12 76, 77, 155, 156, 159, 165, 166, the work discussed in this thesis was successful in detecting 
glucose at neutral pH in PBS solution. 
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1.4.6.3     Metal-Carbon Nanotube Composite Materials 
As discussed previously, in Sections 1.3.5 and 1.3.8, metal nanoparticles and CNTs 
show interesting properties individually, although their combination to form 
composite materials produces a material with characteristics that differ from the 
comprising materials and are possibly superior 93.  CNTs are frequently used in 
composite materials due to the varied qualities they can provide including improved 
strength and electrical conductivity, improved mechanical properties, their low density 
and high aspect ratio 101 and also due to their modifiable surfaces 13.  The 
immobilisation of AuNPs onto CNTs to form composite materials with enhanced 
electrochemical properties has been well reported 73, 74, 106, 167.  In electrochemical 
systems for non-enzymatic glucose sensing, CNTs are primarily used as high surface 
area conducting substrates that provide ideal platforms for the localisation of metal 
nanoparticles and to promote their maximum exposure 76, 126.   
Various metal nanoparticle-CNT composites have been reported for use as non-
enzymatic glucose sensors.  These include Au-CNT composites 76, 165, 168, bi-metallic 
AuCu-CNT composites 169, PtRu-CNT and PtSn-CNT 170 composites, CuO-CNT 96, 
Pd-CNT 81, 99 and Pt-CNT 171 composites.  Conducing polymer and graphene 
composites include, Au-polyaniline 109, 172 and Cu-polyaniline composites 173, Au-
graphene 91, PtAu-graphene 90, PtNi-graphene 174, Ni-graphene 166 and Ni-chitosan-
graphene composites 175.   
Overall, Au was chosen as the ideal metal in the form of AuNPs for the non-enzymatic 
detection of glucose in this thesis work along with its incorporation with multiwalled 
CNTs to optimise their surface areas.  Au is capable of directly oxidising glucose at 
neutral pH, unlike certain metals including Cu and Ni, which typically work for this 
purpose at alkaline pH 96, 166, 176.   Pt was neither employed, due to its lesser 
electroactivity in comparison to Au 126. 
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1.4.6.4     Nafion® 
Interference from negatively charged chemical interferants, including ascorbic acid 
and uric acid, can be a problem during electrochemical detections 126, 140.  To eliminate 
interference from these species, the sensors can be coated with Nafion® membranes 
126, 172, 177, 178.  Nafion® is a sulfonated Teflon based polymer which carries immobile 
negative charges.  These negative charges arise from the sulfonic groups present in the 
Nafion® pores.  It is these groups that give it its anion-rejection properties, although it 
is still permeable to cationic and neutrally charged species 179.  Displayed in Figure 
1.5 is the chemical structure of Nafion® 180. 
 
 
 
 
 
 
 
 
Figure 1.5:  Chemical structure of Nafion® 180. 
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2.1     Introduction 
The main focus of this research was related to the synthesis and characterisation of 
composite materials for applications in the non-enzymatic detection of glucose in a 
phosphate buffer solution (PBS) at physiological pH of 7.4.  Composites containing 
pristine multiwalled carbon nanotube (MWCNTs) and functionalised multiwalled 
carbon nanotubes (fMWCNTs) with gold (AuNPs) and palladium nanoparticles 
(PdNPs) were produced using various synthetic and electrochemical methods and 
were used to form the glucose sensing films on both glassy carbon (GC) electrodes 
and screen printed electrode (SPEs).  Nafion® was used to aid in selectivity in the 
presence of chemical interferants.  All details relating to the synthesis, application and 
characterisation of the composite materials are discussed in the following sections 
along with a description and background of each experimental technique used. 
2.2     Experimental Procedures 
2.2.1     Chemicals and Materials 
The chemicals used throughout this study were purchased primarily from Sigma-
Aldrich.  Millipore water was used in all aqueous solutions.  The working counter and 
reference electrodes were produced by CH instruments and were purchased from IJ 
Cambria Scientific Ltd.  The screen printed electrodes were produced by DropSens 
and purchased through Metrohm.  Displayed in Table 2.1 is a list of chemicals and 
materials used throughout this research project and the suppliers.  For clarity the 
chemicals and materials are divided into sections depending on their use. 
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  Table 2.1: List of chemicals and materials used in this study. 
Chemicals and Materials Supplier 
Buffers and Electrolytes 
Sodium phosphate dibasic hexahydrate (98-102%) Sigma-Aldrich 
Sodium phosphate monobasic monohydrate (98-102%) Sigma-Aldrich 
Sodium chloride (>98%) Sigma-Aldrich 
Sodium hydroxide (98%) Sigma-Aldrich 
Sulfuric Acid (98%) Merck 
Composite Syntheses 
MWCNTs (>99%) Sigma-Aldrich 
Gold(III) chloride trihydrate (≥99.9%) Sigma-Aldrich 
Palladium(II) sulfate (98%) Sigma-Aldrich 
Sodium borohydride (≥98%) Sigma-Aldrich 
Trisodium citrate dihydrate (99%) Sigma-Aldrich 
Sodium dodecyl sulfate (98%) Sigma-Aldrich 
Nafion® 117 solution ~5% Sigma-Aldrich 
Nitric Acid (69%) Sigma-Aldrich 
Glucose Detection and Interference Studies 
α-D-(+)-glucose (ACS) Sigma-Aldrich 
L-(+)-ascorbic acid (>99%) Sigma-Aldrich 
Uric Acid (≥99%) Sigma-Aldrich 
D-(-)-fructose (>99%) Sigma-Aldrich 
D-(+)-galactose (≥99%) Sigma-Aldrich 
Acetaminophen (≥99.9%) Sigma-Aldrich 
Bovine Serum Albumin Powder (≥96%) Sigma-Aldrich 
Characterisation Work 
Hydrochloric Acid (37%) Merck 
Gold standard for AAS. 1 mg/ml Au in 10-20% HCl Acros Organics 
Potassium Ferrocyanide trihydrate (≥98.5%) Sigma-Aldrich 
Potassium Bromide FT-IR grade (≥99%) Sigma-Aldrich 
Whatman 0.45 µm Nylon membrane Sigma-Aldrich 
      Acrodisc® 13 mm Syringe Filters with 0.45 µm GHP Membrane Pall Life Sciences 
Holey carbon on 300 mesh copper grids Agar Scientific 
Electrodes 
CHI Gold, Copper and Glassy Carbon working electrodes 
(99.99%) (d = 3 mm) 
IJ Cambria 
Platinum wire (99.95%) Fisher Scientific 
Saturated Calomel Reference Thermo Scientific 
Dropsens SPEs (DRP-150 and DRP-110OMC) Metrohm 
Alluminium Chloride (≥99%) Sigma-Aldrich 
Iron(III) chloride hexahydrate (≥98%) Sigma-Aldrich 
10" MicroCloth® PSA Buehler 
 
Chapter 2 
 
35 
 
2.2.2      Phosphate Buffers 
Phosphate buffer solutions (PBS) with and without saline (NaCl) were used.  Both 
buffer solutions were produced using a 0.07:0.03 molar ratio of Na2HPO4:NaH2PO4 
salts to produce a 0.10 M PBS solution just below pH 7.4.  NaCl of 0.10 M was added 
to this buffer to produce the phosphate buffer saline buffer.  The pH was adjusted to 
pH 7.4 using a NaOH solution. 
2.2.3     Electrochemical Setup 
Cyclic voltammetry (CV), potentiostatic experiments and constant potential 
amperometry (CPA), were performed using a conventional three electrode cell 
consisting of a glassy carbon (GC) working electrode (d = 3 mm), a high surface area 
platinum (Pt) counter electrode and a saturated calomel (SCE) reference electrode.  
The GC working electrodes were modified with the composite materials.  These 
experiments were also performed using composite modified screen printed electrodes 
(SPEs), which consisted of a printed carbon working electrode (d = 4 mm), 
silver/silver chloride (Ag/AgCl) reference electrode and a platinum counter electrode.  
These three electrode systems were immersed into glass cells in which the electrolytes 
and analytes were added.  Shown in Figure 2.1 (a) is a typical three electrode setup 
within a glass cell, taken from Wei et al. 1 and Figure 2.1 (b) displays an example of 
DropSens screen printed electrode also containing the three components 2.  It should 
be noted that the SPEs originally contained an Ag referenced electrode, although this 
was converted to an Ag/AgCl electrode for stability through chloridation using Fe(III) 
chloride as reported by Polk et al. 3.  A high concentration of Fe(III) chloride, made 
in deionised water, was cast onto the Ag reference electrode until a dark purple-grey 
colour was reached.  The salt was then washed off using deionised water. 
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2.2.4     Instrumentation and Software 
Electrochemical experiments for potentiometry and CV were performed on a Solartron 
SI 1287 potentiostat.  The Solartron Potentiostat used Scribner Associates Corrware® 
for Windows Version 2.1 and the resulting data in all cases were analysed using 
Scribner Associates CorrView® version 3.0.  Electrochemical impedance 
spectroscopy (EIS) was also undertaken on this potentiostat although it was coupled 
with a frequency response analyser model SI 1250.  Scribner Associates ZPlot® 
version 2.1 was used for this work and ZView® 2.1 was used for data analysis.  CPA 
experiments were performed on a CH Instruments CHI 760C potentiostat using CHI 
760C software and CPA data was also analysed using this same software.  Plotting 
and analysis of experimental data was carried out using Microsoft Excel 2010.  All 
other experimental instruments and the models used are listed in Table 2.2. 
 
 
 
 
Figure 2.1:  Representation of (a) a three electrode cell, consisting of a working (W), 
counter (C) and reference (R) electrode 1, and (b) a screen printed electrode also 
consisting of a working (W), counter (C) and reference (R) electrode 2. 
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2.2.5     Synthesis of MWCNT-Aunano and fMWCNT-Aunano Composites 
2.2.5.1     Functionalisation of Multiwalled Carbon Nanotubes 
Prior to the acid reflux, pristine MWCNTs (>99%) were de-aggregated in 69% HNO3 
(5 mg/ml) for 30 min using ultrasonication.  This dispersion was then refluxed at 
120 ⁰C for periods of 18, 24 and 48 h.  This was undertaken in an oil bath which was 
heated using a temperature controlled Stuart CC162 hotplate and stirrer.  The resulting 
acid functionalised MWCNTs, named fMWCNTs, were extracted from the acid and 
purified using centrifugation with repeated cycles of dilution with Millipore water, 
until the pH was approximately neutral.  These fMWCNTs were then isolated on a 
0.45 µm Whatman® membrane and again washed with water.  This sample was then 
dried under an infrared lamp and stored in a desiccator. 
 Table 2.2: Experimental instruments and models used in this study. 
Instrument Model 
Potentiostat 
Solartron SI 1287 and CH Instruments CHI 
760C 
UV-Vis Spectrophotometer Varian Cary 50 UV-Vis 
pH Meter Jenway 370 Enterprise 
Sonicator Branson 1510 
Electronic Balance Sartorius Models TE 2145 
Conductivity Meter Jenway 4510 
Hotplate and Stirrer Stuart CC162 
Gold Sputter Coater Emitech K550x / Agar Scientific 
SEM Hitachi S-3200-N 
EDX Oxford Instrument INCAx-act 
TEM FEI Titan 
XRD PANalytical X'Pert PRO MPD 
FT-IR Perkin Elmer 2000 FT-IR 
FAAS Perkin Elmer Precisely AAnalyst 
Raman LabRAM high resolution 
EIS 
Solartron SI 1287 coupled with Solartron SI 
1255B Frequency Response Analyser 
 
Chapter 2 
 
38 
 
Studies by Wang et al.4 show that refluxing MWCNTs in concentrated HNO3 for more 
than 9 h, produces mainly carboxylic functionalities, although some phenol and lactone 
functionalities also exist.  It has also been shown in work by Saleh 5, that refluxing at 
120 ⁰C in concentrated HNO3 provides optimum acidic group coverage.  
2.2.5.2      Synthesis of pristine, 18 h, 24 h and 48 h fMWCNT-Aunano using  
Sodium Borohydride 
To produce the pristine MWCNT-Aunano composite using the NaBH4 synthesis, the 
MWCNTs were firstly dispersed into a 1.0% SDS solution (20 ml) at a concentration 
of 0.5 mg/ml, using ultrasonication to yield a homogeneous and stable dispersion.  To 
this solution under magnetic stirring, a volume of a 1.0% w/v gold(III) chloride 
trihydrate (≥99.9%) (HAuCl4.3H2O) solution (600 µl) and 0.75% w/v sodium 
borohydride (≥98%) (NaBH4) solution (600 µl), were added successively.  After 5 
min, the resulting composite was then isolated on a 0.45 µm pore size Whatman® 
membrane and purified using copious amounts of Millipore water.  The obtained 
material named pristine MWCNT-Aunano(NaBH4) was fully dried using an infrared 
lamp and stored in a desiccator. 
To produce the 18, 24 and 48 h fMWCNT-Aunano composites using the NaBH4 
synthesis, the synthetic procedure discussed above was followed, although the 
fMWCNTs refluxed for 18, 24 and 48 h were substituted in place of the pristine 
MWCNTs.  The same isolation, purification and drying procedures were used.  These 
composites were named 18 h fMWCNT-Aunano(NaBH4), 24 h fMWCNT-
Aunano(NaBH4) and 48 h fMWCNT-Aunano(NaBH4). 
2.2.5.3    Synthesis of fMWCNT-Aunano using Trisodium Citrate 
The fMWCNT-Aunano composite produced using the trisodium citrate synthesis was 
quite different to that for the NaBH4 synthesis mentioned previously.  Also, only the 
24 h fMWCNTs were used. 
In the synthesis, the 24 h fMWCNTs (25 mg) were firstly dispersed into a 1.0% 
HAuCl4 solution (7.88 ml) for a period of 15 min using ultrasonication.  This initial 
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process was undertaken as studies by Zhang and Wang 6 using a similar pre-mixing 
step show that this could induce the adsorption of HAuCl4 molecules on the nanotubes, 
thereby stimulating the growth of AuNPs on the CNTs surfaces once trisodium citrate 
is added.  After this pre-mixing step, the mixture was diluted to 100 ml in 1.0% SDS, 
forming a 0.25 mg/ml dispersion, and this mixture was dispersed for 15 min using 
ultrasonication.  This solution was then transferred into a three-necked round bottom 
flask and heated to 100 ⁰C, under magnetic stirring, in a temperature controlled oil 
bath.  A hot solution of 1.0% trisodium citrate (20 ml) was added quickly through the 
septum and when the temperature again reached 100 ⁰C, the reaction was left to reflux 
for 5 min.  The resulting composite was then isolated on a 0.45 µm pore size 
Whatman® membrane and purified using copious amounts of Millipore water.  The 
filtrate presented a wine red colour.  The material, named fMWCNT-
Aunano(TriSodCit), was fully dried using an infrared lamp and stored in a desiccator. 
2.2.6     Formation of MWCNT-Aunano and fMWCNT-Aunano Films on 
Electrodes 
Prior to casting onto the electrode surfaces, the composites were dispersed in 1.0% 
SDS solutions by use of ultrasonication for 15 min.  These casting dispersions were 
initially produced at a concentration of 2 mg/ml for the pristine MWCNT-
Aunano(NaBH4) composite and for the 18 h, 24 h and 48 h fMWCNT-Aunano(NaBH4) 
composites, although this was increased to 4 mg/ml for the 24 h fMWCNT-
Aunano(NaBH4) composite.  The fMWCNT-Aunano(TriSodCit) composite, which used 
the 24 h fMWCNTs, was dispersed in 1.0% SDS at a concentration of 4 mg/ml.  In all 
work, the dispersion concentrations and the casting volumes used to form the modified 
electrodes are mentioned. 
2.2.6.1     Glassy Carbon Electrodes 
In all cases, a volume of 5 µl of the 2 mg/ml and 4 mg/ml dispersions was cast onto 
the GC electrode (d = 3 mm) and this was left to dry fully under an infrared lamp. 
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2.2.6.2     Carbon Screen Printed Electrodes 
Two types of screen printed electrodes (SPEs) were used, the DRP150 SPE consisting 
of a flat carbon working electrode and the DRP-110OMC SPE consisting of an ordered 
macroporous carbon working electrode.  Only the 4 mg/ml dispersion of the 24 h 
fMWCNT-Aunano(NaBH4) composite was used to modify these electrodes.  Due to the 
larger working electrodes present on these SPEs, a volume of 10 µl of the 4 mg/ml 
dispersion was cast onto the working electrodes.  This was left to dry fully under an 
infrared lamp. 
2.2.6.3     Electrochemical Pre-treatments 
All composite modified GC electrodes and SPEs were initially subjected to an 
electrochemical pre-treatment in 0.3 M NaOH to remove the adsorbed SDS in the 
composite films.  In all work involving the modified GC electrodes, this was carried 
out using CV by cycling the potential between -0.40 V to 0.60 V vs. SCE at 100 mV s-
1 for 50 cycles.  In work involving the modified SPEs, again 50 cycles were used, 
although the potential range was adapted to -0.53 V to 0.47 V vs. Ag/AgCl at 100 
mV s-1. 
After this NaOH step, the modified electrodes were cycled in a 0.10 M PBS solution 
(pH 7.4) until a steady state current response was achieved.  In work involving the 
modified GC electrodes, this was carried out using CV by cycling the potential 
between -0.40 V to 0.60 V vs. SCE at 100 mV s-1 for approximately 15 cycles.  When 
using the SPEs, this window was altered to -0.65 V to 0.35 V vs. Ag/AgCl at 100 
mV s-1, again for approximately 15 cycles. 
Electrochemical pre-treatments in H2SO4 were carried out as a cleaning step 
7.  These 
pre-treatments were not used in initial studies, but were eventually employed as 
standard cleaning steps.  Cycling in 0.5 M H2SO4 was initially employed, although 
further studies used 1.0 M H2SO4.  The electrodes were cycled in this acid until a stable 
background response was achieved.  An electrochemical window of between 0.00 V 
to 1.40 V vs. SCE at 100 mV s-1 for 11 cycles was used for cleaning of the modified 
GC electrodes.  This was altered to -0.20 V to 1.20 V vs. Ag/AgCl at 100 mV s-1 for 
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11 cycles for the modified SPEs.  After this step, the cycling in PBS was used to obtain 
a stable background response.  The composite films using the 1.0 M H2SO4 pre-
treatment are often referred to as ‘optimsed’ films. 
2.2.6.4     Coating with Nafion® 
All Nafion® coatings were produced using drop cast methods.  Prior to casting, the 
Nafion® 117 solution was diluted by 50% in ethanol absolute.  This produced a 
solution that was easier to cast over the composite films and that was sufficient to 
reduce chemical interference.  Nafion® was only cast onto the films once the relevant 
electrochemical pre-treatments were carried out.  A 5 µl volume was used to cast over 
the modified GC electrodes and this was sufficient to cover both the working electrode 
and the surrounding insulating layer, as determined visually.  A smaller volume of 3 
µl was used to coat the carbon working electrodes of the SPEs.  This volume did not 
cover the surrounding counter and reference electrodes.  Once coated, the Nafion® was 
left to dry at room temperature and the electrodes were then cycled in 0.1 M PBS (pH 
7.4) using the relevant potential windows discussed in Section 2.2.6.3.  This was 
carried out for approximately 50 cycles or until stable background currents were 
obtained. 
2.2.7     Synthesis of fMWCNT-Aunano/Pdnano Composite Films 
The fMWCNT-Aunano/Pdnano composite was synthesised using a different 
methodology, as outlined previously for the fMWCNT-Aunano composites.  It was 
produced by electrodepositing palladium (Pd) directly onto the surface of pre-existing 
fMWCNT-Aunano composite modified GC electrodes and SPEs.  These pre-existing 
fMWCNT-Aunano films were produced on GC electrodes and the SPEs using the 4 
mg/ml 24 h fMWCNT-Aunano(NaBH4) composite dispersions in SDS, as discussed in 
Sections 2.2.6.1 and 2.2.6.2, respectively.  Prior to Pd electrodeposition, the standard 
0.3 M NaOH pre-treatment and the 1.0 M H2SO4 pre-treatments, as outlined in Section 
2.2.6.3, were used to optimise the films. 
Pd electrodeposition on modified GC films was accomplished by applying a potential 
of 0.45 V vs. SCE for various times of 60, 120, 180 and 240 s in an 2.5 mM PdSO4 
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solution made in a 0.5 M H2SO4.  For deposition on composite modified SPEs, the 
potential was altered to -0.10 V vs. Ag/AgCl.  These resulting films, called fMWCNT-
Aunano/Pdnano, were then cycled in 0.1 M PBS (pH 7.4), as discussed in Section 2.2.6.3, 
for stabilisation of the background currents. 
2.2.8     Electrodetection of Glucose 
2.2.8.1      Cyclic Voltammetry 
Prior to glucose detection, all films were subjected to cycling in 0.1 M PBS (pH 7.4).  
In the systems using the fMWCNT-Aunano and fMWCNT-Aunano/Pdnano composite 
modified GC electrodes, an electrochemical window of -0.40 V to 0.60 V vs. SCE at 
100 mV s-1 was used and films were cycled until stable background responses were 
obtained.  This window was altered to -0.65 V to 0.35 V vs. Ag/AgCl at 100 mV s-1, 
for the modified SPE electrodes.  These modified films were then placed into 0.1 M 
PBS (pH 7.4) solutions containing glucose and the same electrochemical windows and 
scan rates were used for the detection of glucose. 
     2.2.8.2      Constant Potential Amperometry 
CPA was only conducted using the optimised fMWCNT-Aunano composite modified 
GC and SPE (DRP-150) electrodes and the optimsied fMWCNT-Aunano/Pdnano 
modified SPE (DPR-150) electrode with Pd deposition for 240 s. 
Glucose detection was carried out at 0.30 V vs. SCE at the fMWCNT-Aunano 
composite modified GC electrodes and at -0.05 V vs. Ag/AgCl at the fMWCNT-Aunano 
composite modified SPE electrodes.  Detection using CPA was undertaken at -0.45 V 
and at -0.05 V vs. Ag/AgCl at the fMWCNT-Aunano/Pdnano composite modified SPE 
electrodes.  In all of these experiments, aliquots of glucose were injected from a stock 
glucose solution into the electrochemical cell and the solutions were stirred under 
magnetic stirring to ensure homogeneity.  These solutions were left to settle before 
further amperometric measurements were taken.  All details of the aliquot volumes, 
stock solutions used and the final concentrations of glucose in the cell post-injection 
are displayed in Tables 2.3 and 2.4, for the GC and SPE systems, respectively. 
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Table 2.3: Glucose stock solution concentration and volumes of the stock used during CPA 
analysis.  This table is employed when using modified GC electrode systems. 
Stock  
/ mM 
Aliquot 
 / ml 
Aliquot  
/ µl 
Total Aliquot 
/ ml 
Cell Vol. 
 / ml 
Cell Conc.  
/ mM 
50 0.0 0 0.00 25.00 0.00 
50 0.1 50 0.05 25.05 0.10 
50 0.1 50 0.10 25.10 0.20 
50 0.2 150 0.25 25.25 0.50 
50 0.3 250 0.50 25.50 0.98 
50 0.5 500 1.00 26.00 1.92 
50 0.5 500 1.50 26.50 2.83 
50 0.5 500 2.00 27.00 3.70 
50 0.5 500 2.50 27.50 4.55 
50 0.5 500 3.00 28.00 5.36 
50 1.0 1000 4.00 29.00 6.90 
50 1.0 1000 5.00 30.00 8.33 
50 1.0 1000 6.00 31.00 9.68 
50 1.0 1000 7.00 32.00 10.94 
50 1.5 1500 8.50 33.50 12.69 
50 1.5 1500 10.00 35.00 14.29 
50 1.5 1500 11.50 36.50 15.75 
 
Table 2.4: Glucose stock solution concentration and volumes of the stock used during CPA 
analysis.  This table is employed when using modified SPE systems. 
Stock 
 / mM 
Aliquot  
/ ml 
Aliquot  
/ µl 
Total Aliquot 
/ ml 
Cell Vol.  
/ ml 
Cell Conc. 
 / mM 
50 0.00 0 0.00 10.00 0.00 
50 0.05 50 0.05 10.05 0.25 
50 0.05 50 0.10 10.10 0.50 
50 0.15 150 0.25 10.25 1.22 
50 0.25 250 0.50 10.50 2.38 
50 0.50 500 1.00 11.00 4.55 
50 0.50 500 1.50 11.50 6.52 
50 0.75 750 2.25 12.25 9.18 
50 1.00 1000 3.25 13.25 12.26 
50 1.50 1500 4.75 14.75 16.10 
50 1.50 1500 6.25 16.25 19.23 
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2.2.9     Interference Studies 
Interference studies were carried out using the optimised 24 h fMWCNT-
Aunano(NaBH4) composite modified SPE (DRP-150) electrodes and the optimsied 
fMWCNT-Aunano/Pdnano modified SPE (DRP-150) electrode with Pd deposition for 
240 s.  The interferants studied were ascorbic acid, uric acid, galactose, fructose, 
acetaminophen, bovine serum albums and chloride. 
     2.2.9.1      Cyclic Voltammetry 
The current responses for all of the interferants were monitored initially using CV.  A 
potential window of -0.65 V to 0.35 V vs. Ag/AgCl at 100 mV s-1, was used to monitor 
any redox processes or chemical poisoning occurring at the composite modified SPEs 
in the presence of these interferants.  Prior to analysis, these films were cycled in 0.1 
M PBS (pH 7.4) using the same potential window as that used to obtain stable 
background responses. 
      2.2.9.2      Constant Potential Amperometry 
The effect of glucose detection in the presence of interferants at the composite 
modified SPEs was conducted using CPA, along with the oxidation of these 
interferants in the absence of glucose. 
As in Section 2.2.8.2, CPA was undertaken at -0.05 V vs. Ag/AgCl at the 24 h 
fMWCNT-Aunano(NaBH4) modified SPEs but at -0.45 V vs. Ag/AgCl at the 
fMWCNT-Aunano/Pdnano modified SPEs.  The potential of -0.45 V vs. Ag/AgCl was 
used to possibly reduce interference from commonly occurring interferants in the 
blood which oxidise at more positive potentials 8, 9.  Although this may appear to be a 
strong reduction potential, there should be no oxidised interferant species in the 
solution to be reduced.  Aliquots of glucose were added into the electrochemical cell 
initially to observe the current responses and this was followed by aliquots of the 
interferants from stock solutions.  Further injections of glucose were carried out post-
interferant to observe any effects on the glucose current responses.  All details related 
to the volumes of aliquots added to the cell, stock solutions and cell concentrations are 
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displayed in Tables 2.5 – 2.9.  The oxidation of these interferants in the absence of 
glucose was undertaken at the same potentials, aliquot details shown in Table 2.10. 
 
Table 2.5: Stock glucose and ascorbic acid solution concentrations and volumes of the 
stocks used during CPA analysis.   Cell initially contained 10 ml of 0.1 M PBS (pH 7.4). 
Stock  
/ mM 
Aliquot  
/ ml 
Aliquot 
 / µl 
Total 
Aliquot / ml 
Cell Vol.  
/ ml 
Cell Conc.  
/ mM 
Glucose     Glucose 
200 0 0.0 0.000 10.00 0.00 
200 0.204 204.0 0.204 10.20 4.00 
Ascorbic Acid     
Ascorbic 
Acid 
50 0.0205 20.5 0.021 10.22 0.10 
50 0.0825 82.5 0.103 10.31 0.50 
Glucose     Glucose 
200 0.2255 225.5 0.430 10.74 8.00 
200 0.2285 228.5 0.658 10.97 12.00 
 
Table 2.6: Stock glucose and uric acid solution concentrations and volumes of the stocks 
used during CPA analysis.  Cell initially contained 10 ml of 0.1 M PBS (pH 7.4). 
Stock 
 / mM 
Aliquot 
 / ml 
Aliquot 
 / µl 
Total 
Aliquot / ml 
Cell Vol.  
/ ml 
Cell Conc.  
/ mM 
Glucose     Glucose 
200 0 0.0 0.000 10.00 0.00 
200 0.204 204.0 0.204 10.20 4.00 
Uric Acid     Uric Acid 
10 0.395 395.0 0.395 10.60 0.37 
10 0.088 88.0 0.483 10.69 0.45 
Glucose     Glucose 
200 0.2415 241.5 0.446 11.13 8.00 
200 0.2365 236.5 0.682 11.37 12.00 
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Table 2.7: Stock glucose and fructose solution concentrations and volumes of the stocks 
used during CPA analysis.   Cell initially contained 10 ml of 0.1 M PBS (pH 7.4). 
Stock  
/ mM 
Aliquot  
/ ml 
Aliquot 
 / µl 
Total Aliquot 
/ ml 
Cell Vol.  
/ ml 
Cell Conc. 
/ mM 
Glucose     Glucose 
200 0.0000 0.0 0.000 10.00 0.0 
200 0.2040 204.0 0.204 10.20 4.0 
Fructose     Fructose 
6 0.0108 10.8 0.011 10.21 0.0063 
9 0.0205 20.5 0.031 10.24 0.0277 
100 0.2600 260.0 0.291 10.50 2.78 
Glucose     Glucose 
200 0.2335 233.5 0.438 10.93 8.0 
200 0.2325 232.5 0.670 11.17 12.0 
 
Table 2.8: Stock glucose and galactose solution concentrations and volumes of the stocks 
used during CPA analysis.   Cell initially contained 10 ml of 0.1 M PBS (pH 7.4). 
Stock 
 / mM 
Aliquot / 
ml 
Aliquot 
 / µl 
Total Aliquot 
/ ml 
Cell Vol.  
/ ml 
Cell Conc. 
/ mM 
Glucose     Glucose 
200 0.0000 0.0 0.000 10.00 0.00 
200 0.2040 204.0 0.204 10.20 4.00 
Galactose     Galactose 
100 0.0252 25.2 0.025 10.23 0.25 
100 0.0315 31.5 0.057 10.26 0.55 
100 0.0460 46.0 0.103 10.31 1.00 
Glucose     Glucose 
200 0.2255 225.5 0.430 10.74 8.00 
200 0.2285 228.5 0.658 10.96 12.00 
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2.2.10     Reusability and Shelf-Life Studies 
As in the interference studies discussed previously, Section 2.2.9, reusability and 
shelf-life studies were carried out using the optimised 24 h fMWCNT-Aunano(NaBH4) 
composite modified SPE (DRP-150) electrodes and the optimsied fMWCNT-
Aunano/Pdnano modified SPE (DRP-150) that used Pd deposition for 240 s.  Only CPA 
was used for the glucose measurements. 
     2.2.10.1      Sensor Reusability 
CPA was undertaken at -0.05 V vs. Ag/AgCl at the 24 h fMWCNT-Aunano(NaBH4) 
modified SPEs and at -0.45 V vs. Ag/AgCl at the fMWCNT-Aunano/Pdnano modified 
Table 2.9: Stock glucose and acetaminophen solution concentrations and volumes of the 
stocks used during CPA analysis.  Cell initially contained 10 ml of 0.1 M PBS (pH 7.4). 
Stock  
/ mM 
Aliquot 
/ ml 
Aliquot / 
µl 
Total 
Aliquot / 
ml 
Cell Vol. 
/ ml 
Cell Conc.  
/ mM 
Glucose     Glucose 
200 0.0000 0.0 0.000 10.00 0.00 
200 0.2040 204.0 0.204 10.20 4.00 
Acetaminophen     Acetaminophen 
200 0.0680 68.0 0.068 10.27 1.32 
200 0.2810 281.0 0.349 10.55 6.61 
Glucose     Glucose 
200 0.2355 235.5 0.440 10.99 8.00 
200 0.2340 234.0 0.674 11.23 12.00 
 
Table 2.10: Interferant stock solution concentrations and volumes of each stock used 
during CPA analysis.  This analysis was carried out in the absence of glucose.  Cell initially 
contained 10 ml of 0.1 M PBS (pH 7.4). 
Interferant 
Stock 
 / mM 
Aliquot 
/ ml 
Aliquot 
/ µl 
Total 
Aliquot  
/ ml 
Cell Vol. 
 / ml 
Cell 
Conc.  
/ mM 
Fructose 100 0.0028 2.8 0.0028 10.003 0.0277 
Galactose 100 0.0555 55.5 0.0555 10.056 0.55 
Ascorbic Acid 50 0.0200 20.0 0.0200 10.020 0.10 
Uric Acid 10 0.4750 475.0 0.4750 10.475 0.45 
Acetaminophen 20 0.0670 67.0 0.0670 10.067 0.13 
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SPEs.  An aliquot of glucose was injected to the electrochemical cell from a stock 
solution under magnetic stirring to yield a concentration of 10.0 mM glucose.  Once 
the cell had settled, the current responses for 10.0 mM glucose were measured.  This 
was conducted 12 times for each sensor and between sensing, the films were cycled in 
a 0.1 M PBS (pH 7.4) solution, as in Section 2.2.6.3, as to remove any adsorbed 
glucose from the surfaces. 
     2.2.10.2      Sensor Shelf-Life and Storage 
Shelf-life and storage studies were carried out using the same principles as outlined 
previously in Section 2.2.10.1.  Although, instead of successive glucose testing 
conducted immediately, the sensors were tested for glucose after being left for certain 
periods of time, ranging from days to weeks.  Between testing, the sensors were stored 
in either 0.1 M PBS (pH 7.4) or in air and this was carried out to identify the ideal 
storage conditions. 
2.2.11     Scan Rate Analysis 
Scan rate analyses were undertaken using CV by measuring the redox current 
responses of 0.1 mM ferrocyanide, made in 0.1 M KCl, upon varying the scan rates.  
A potential window of -0.30 V to 0.60 V vs. SCE was used for analyses at the 
fMWCNT-Aunano modified GC electrodes and SPEs and this same window was used 
for analyses at the fMWCNT-Aunano/Pdnano modified GC electrode and SPEs (DRP-
150).  Scan rates of 10, 25, 50, 75, 100, 125, 150, 175 and 200 mV s-1 were applied.  
Prior to and between analyses the films were cycled in 0.1 M KCl to regenerate fresh 
surfaces and to obtain current background responses in the absence of ferrocyanide for 
subtraction purposes.  These experiments were also conducted on a bare GC electrode 
(d = 3 mm) for comparison. 
The scan rate studies were undertaken in the hopes of applying the Randles-Sevcik 
equation, Equation 2.1, for estimation of total electroactive surface areas 10, 11 of the 
composite films and also to measure the redox peak separations (ΔE) of ferrocyanide 
as a function of scan rate.  ΔE was calculated using Equation 2.2 and it is often used 
to represent the speed of electron transfer at a surface 12, 13. 
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2.2 
2.2.12     Gold Surface Area Analysis 
Gold electroactive surface areas of the pristine MWCNT-Aunano(NaBH4), the various 
fMWCNT-Aunano(NaBH4) and the fMWCNT-Aunano(TriSodCit) modified electrodes 
were calculated by cycling the prepared films in 0.5 M H2SO4 and by comparing the 
charge under the Au oxide reduction peak observed in the reverse scan with this charge 
obtained for an Au electrode of a known surface area 14.  This reduction peak appears 
at 0.90 V vs. SCE 15.  This analysis was undertaken for the composite modified GC 
electrodes and SPEs and in each case the films were cycled in H2SO4 for 11 cycles.  A 
potential window of 0.00 V to 1.40 V vs. SCE at 100 mV s-1 was used for analysis of 
the modified GC electrodes and of the Au electrodes.  A window of -0.20 V to 1.20 V 
vs. Ag/AgCl at 100 mV s-1 was used for analysis of the modified SPEs (DRP-150). 
2.2.13     Electrochemical Impedance Spectroscopy of Composite Films 
Electrochemical impedance spectroscopy (EIS) was only conducted at the composite 
modified GC electrodes due to possible instabilities of the modified SPEs over the 
frequency ranges analysed.  EIS was used to determine capacitance and resistance 
values obtained at the 24 h fMWCNT-Aunano(NaBH4), the 24 h fMWCNT-
Aunano(TriSodCit) and fMWCNT-Aunano/Pdnano composite modified GC electrodes, 
with and without the H2SO4 pre-treatments.  Measurements were also taken at 
unmodified GC electrode (d = 3 mm) and a GC electrode modified with 24 h 
fMWCNTs for comparison.  It is well known that capacitance and resistance is 
associated with surface areas 16, and as such EIS may provide information related to 
the film surface areas. 
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EIS measurements were taken over the wide frequency range of 0.003 Hz to 60,000 
Hz and at potentials of -0.10 V, 0.20 V and 0.50 V vs. SCE using a perturbation of 5.0 
mV. The composite films were prepared and then polarised at the required potential 
for a period of 30 min. This period was sufficient to achieve steady-state conditions.  
EIS was carried out using Scribner Associates ZPlot® version 2.1 and ZView® 2.1 was 
used for data analysis. 
2.3     Experimental Techniques 
2.3.1     Electrochemistry 
     2.3.1.1      Cyclic Voltammetry 
Cyclic voltammetry (CV) experiments were carried out on a Solartron SI 1287 
potentiostat, for the detection of glucose and interferants, for the electrochemical pre-
treatment of composite films and during scan rate analyses of the composite films.  CV 
is a commonly used electrochemical technique in which the potential applied to the 
electrochemical system is cycled between two specific values in a forward and reverse 
direction and this results in a voltammogram.  The cycling of the potentials are carried 
out linearly and are controlled at a specific rate, the scan rate.  Scan rates used are 
typically below 1000 mV s-1.  As the system is scanned over the applied potential 
range, the changes in the current responses are measured and these currents can 
represent either a faradaic process, i.e., the oxidation and/or reduction of a species 
present, or a non-faradaic process, i.e., capacitance.  An oxidation reaction will result 
in a corresponding positive increase in the current and a reduction reaction will result 
in an increase in the negative direction.  During CV, the working electrode can behave 
as both an electrochemical oxidant and a reductant, depending on the potentials 
applied during the cycling.  Typically, as the potential is cycled from a more negative 
potential towards a more positive potential, the working electrode will stimulate the 
oxidation of a chemical species at its surface and when the scan is reversed back to the 
more negative potential, the working electrode may facilitate the reduction of a 
chemical species 17.  A typical faradaic CV, showing both the oxidation and reduction 
of a chemical species is displayed in Figure 2.2 18. 
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Faradaic processes may not always be apparent during CV and more capacitive 
characteristics may result.  Capacitance is defined as the ability of a material to store 
charge 19.  Capacitive currents are obtained when using high surface area conducting 
materials due to the increased adsorption of ions at the electrode-electrolyte interface, 
which increases the effects of the electric double layer.  The capacitance resulting from 
this layer is called the double layer capacitance 20.  Using CV,  the substantial 
background responses resulting from capacitive non-faradaic processes can make it 
difficult to visualise faradaic processes 21.  A typical CV where the capacitance is high 
is displayed in Figure 2.3 22. 
 
Figure 2.2:  Cyclic voltammogram showing a Faradaic process 18. 
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     2.3.1.2      Potentiostatic Techniques 
Potentiometry was carried out on a Solartron SI 1287 potentiostat and amperometric 
measurements were performed using a CH Instruments CHI 760C potentiostat.  
Potentiostatic techniques were used for the deposition of Pd metal on the composite 
films and also for the detection of glucose and interferants.  The potentiostatic mode 
used for the deposition of Pd metal involved a constant potential for a set period of 
time.  The other potentiostatic mode used for the detection of glucose is called constant 
potential amperometry or CPA.  CPA involves applying a constant potential to an 
electrochemical system that is sufficient to oxidise or reduce the analyte under 
investigation.  The flow of current related to the oxidation or reduction of the species 
is monitored and displayed as a function of time 23, as displayed in Figure 2.4. 
 
Figure 2.3:  Cyclic voltammogram showing a non-faradaic, capacitive, process 22. 
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2.3.2     Physical Characterisation Techniques 
     2.3.2.1      Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used in this work for imaging of the bulk 
fMWCNT-Aunano composites produced using the NaBH4 and trisodium citrate 
syntheses and for morphological analysis of their composite modified films.  SEM 
was carried out using a Hitachi S-3200-N SEM.  This instrument also had an Oxford 
Instrument INCAx-act EDX system. 
SEM is a technique that allows for morphological analyses of materials on a nanometer 
(nm) to millimeter (mm) scale 24.  The fundamental principle of an electron 
microscope relies on the interaction between high-energy electrons and the material 
being analysed 25, 26.  The electrons are fired from an electron gun, which is a cathode, 
and accelerated through the voltage difference between the cathode and an anode and 
down the optic column, through an aperture, and towards the sample.  This 
acceleration depends on the voltage applied, the accelerating voltage (keV), and can 
range from 0.1 keV to 50 keV.  The aperture is an opening at the order of milliradians 
and its diameter can be increased or decreased for lower or higher resolution work, 
 
 
 
 
 
 
Figure 2.4:  Representation of a typical current-time plot obtained during constant 
potential amperometry upon the addition of successive aliquots of analyte. 
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respectively.  Samples are analysed at a set working distance, with longer working 
distances allowing the investigation of larger areas 25.  The production of an image 
during SEM, depends on the signals produced upon the interaction with the electron 
beam and the sample.  These interactions are separated into two categories, elastic and 
inelastic interactions.  Elastic interactions are caused by the deflection of the incident 
electron beam by electrons of similar energy within the nucleus or in the outer energy 
levels of the specimen being analysed.  This type of interaction results in loss in energy 
and direction change of the scattered electrons.  When these electrons are scattered by 
an angle over 90 ⁰, these are known as backscattered electrons and are the most useful 
for producing an image.  Inelastic interactions occur between the incident electron 
beam and the atoms in the sample and this results in the excitation of the sample.  This 
excitation produces secondary electrons which are also involved in producing the 
image 26.  Shown in Figure 2.5 is an example of the interactions taking place at a 
materials surface during SEM 27. 
     2.3.2.2      Transmission Electron Microscopy 
Transmission electron microscopy (TEM) was used in this work for analysis of the 
fMWCNT-Aunano composites produced using the NaBH4 and trisodium citrate 
syntheses.  It enabled the visualisation of the fMWCNTs and the AuNPs formed on 
 
Figure 2.5: Interaction mechanisms of electrons with a solid showing a pear shaped 
volume of interaction 27. 
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their surfaces and was also used to obtain some crystallographic information.  TEM 
work was carried at the CRANN institute at Trinity College Dublin using a FEI Titan 
TEM with EDX capabilities.  Samples were prepared on Holey carbon films with 300 
mesh copper grids from a drop cast dispersion made in ethanol absolute. 
TEM is an imaging technique that is used for visualisation of nanometer sized 
materials and details down to the atomic level can be obtained 28.  It relies on many of 
the same principles as SEM, although it has the advantage of improved magnification 
and resolution.  A TEM generally consists of the following sections, listed from top to 
bottom, the electron gun, the illumination stage, the objective lens, the magnification 
and projection system, the detector, photographic camera and a charge-coupled device 
camera 29.  In a conventional TEM setup, the specimen being analysed is irradiated 
with a uniform electron beam.  Typically the accelerating voltage applied can be 
between 100 – 3000 keV, depending on the type of system and its resolution 30.  An 
electron gun emits the electron beam which passes through a multi-stage lens system 
to allow the variation of the aperture.  When passed though the sample the beam is 
imaged by another set of lenses onto a fluorescent screen and to a computer monitor 30.   
As mentioned, TEM can provide information down to the atomic level.  During high 
resolution TEM (HRTEM) mode, under high magnifications, lattice fringes of 
crystalline materials can be visualised, which are representations of inter-atomic 
spacings between atoms.  The distance of these spacings, known as the d-spacing, can 
indicate the crystallographic planes of the material 31. TEM can also yield 
crystallographic information when operating in diffraction mode with the use of the 
selected area electron diffraction (SAED) patterns obtained.  Using these patterns, the 
various lattice planes of the crystalline material can be determined, which is 
complementary to the d-spacing data obtained from lattice fringes measured suing 
HRTEM mode 32. 
     2.3.2.3      Energy Dispersive X-Ray Analysis 
Energy Dispersive X-Ray Analysis (EDX) was used during both SEM and TEM 
measurements.  It was primarily used for qualitative elemental analysis of the 
fMWCNT-Aunano and fMWCNT-Aunano/Pdnano composites.  During SEM, it was also 
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used for quantitative elemental analysis, although these values were taken only as 
estimates. 
EDX is a technique commonly used in conjunction with SEMs and TEMs.  It allows 
the detection of elements in a material that have an atomic number higher than Li.  
EDX relies on X-Ray fluorescence, which is where X-Rays are emitted from a material 
upon bombardment by high energy radiation in the form of electrons, X-Rays, 
neutrons, gamma rays and ions. The X-Rays emitted are characteristic of the 
composing elements and the elements can be identified.  These X-Rays are detected 
by an X-Ray detector, which converts them into an electrical signal proportional to the 
X-Ray energy.  The resulting graph of counts versus keV displays the relative intensity 
of the peaks which can be related to the atomic concentrations present 33.   
     2.3.2.4      Atomic Absorption Spectroscopy 
Atomic Absorption Spectroscopy (AAS) was used for quantitative analysis of the bulk 
fMWCNT-Aunano composites produced using the NaBH4 and trisodium citrate 
syntheses.  AAS was carried out using a Perkin Elmer Precisely AAnalyst system.  Au 
standard solutions were prepared using commercial stock solutions. 
AAS is a spectroscopic technique which allows for the quantitative analysis of trace 
metals in solutions.  It often functions in conjunction with a flame atomiser, which 
typically uses an air-acetylene mix.  Using AAS coupled with a flame atomiser 
(FAAS), the number of atoms per cubic centimeter in the flame, i.e., the absorbance, 
can be calculated which is proportional to the analyte concentration and can related to 
the Beer-Lambert Law.  Atomic absorption corresponds to the atomic transitions from 
the ground state to an excited state and the function of the flame atomizer is to produce 
atoms in the ground state.  With the use of an air-acetylene mixture, temperatures of 
2500 K can be reached 34.  Spectral lamps are used as sources of radiation, in which 
the hollow-cathode lamp is most commonly used.  These lamps emit radiation which 
is then reduced in intensity upon absorption by the atomic species present.  The type 
of cathode lamp is specific to the elements being analysed.  A cathode lamp is 
constructed using the metal of the element being detected 35. 
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To carry out AAS, the Au had to be extracted from the composite materials to form 
AuCl4
-.  This was done using a highly corrosive aqua regia digestion, similar to that 
outlined in work by Sheng and Etsell 36.  Aqua regia is a mixture of three parts 
concentrated hydrochloric acid to one part concentrated nitric acid.  The composites 
were added to a volume of freshly prepared aqua regia in a beaker (1 mg/ml).  This 
mixture was boiled over a hot plate while being stirred magnetically, as to dissolve the 
Au from the fMWCNTs.  This reaction resulted in gas evolution as outlined in 
Equations 2.3 – 2.5 36.  When the solution was almost evaporated, a small quantity of 
0.1 M HCl was added and the mixture was agitated to ensure homogeneity.  When 
cooled, the solution was passed through Acrodisc® 13 mm syringe filters to remove 
the fMWCNTs.  This yielded a yellow solution of AuCl4
- and this solution was diluted 
appropriately in 0.1 M HCl and analysed using AAS. 
2HNO3 + 6HCl   2NO + 4H2O + 3Cl2 2.3 
2Au + 9HCl + 3HNO3  2AuCl3 + 3NOCl + 6H2O 2.4 
3HCl + HNO3  Cl2 + NOCl + 2H2O 2.5 
     2.3.2.5      X-Ray Diffraction 
X-Ray Diffraction (XRD) was used in this work for crystallographic analyses of the 
composite materials and for estimation of AuNP size.  XRD was carried out by Dr. 
Wynette Redington, at the Materials and Surface Science Institute in The University 
of Limerick using a PANalytical X'Pert PRO MPD system. 
XRD is based on the diffraction effects that are observed when electromagnetic 
radiation interacts with certain atomic planes of a crystalline material and the 
scattering of this incident radiation occurs.  The incident waves must have wavelengths 
similar to the spacings between the atoms of the material.  There are three types of 
scattering processes that occur upon X-Ray interaction with the sample.  One of these 
processes involves the liberation of electrons from atomic ground states, a process 
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known as photoionisation.  This process involves the transferal of energy and 
momentum from the incident beam to the excited electron and this is classified as an 
inelastic scattering process.  Another inelastic process occurs, Compton scattering, 
whereby energy is transferred to an electron, although this electron is not liberated 
from the atom.  The other type of scattering, Thomson scattering, is an elastic 
scattering whereby the incident X-Rays are scattered by electrons.  This type of 
scattering is used to obtain the crystallographic information on the material.  The 
wavelength of the incident rays is conserved during this elastic process, although it is 
not for the inelastic scattering processes 37. 
When the incident rays reach the sample, or phase, they scatter from the top and 
bottom planes, separated by interatomic spacing d, between the rows of atoms.  This 
diffraction occurs at an angle θ, which is called the Bragg’s angle and this can be used 
to identify the crystalline planes present in the sample 38.  A representation of Bragg’s 
diffraction is shown in Figure 2.6, taken from Zhou et al. 38. 
     2.3.2.6      Ultraviolet-Visible Spectroscopy 
Ultraviolet-Visible (UV-Vis) spectroscopy was used in this study for investigation of 
the physical properties of the AuNPs and the composite materials produced.  UV-Vis 
was carried out using a Varian Cary 50 spectrophotometer.  All composites were 
dispersed in 1.0% SDS for UV-Vis analysis, with 1.0% SDS was used as a reference. 
 
Figure 2.6: Representation of Bragg’s diffraction 38. 
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UV-Vis spectroscopy is a very useful analytical technique.  It provides quantitative 
and qualitative information on substances that can interact with electromagnetic 
radiation in the UV-Vis spectrum, which covers wavelengths, ʎ, from 200 – 800 nm.  
During UV-Vis spectroscopy, either a set wavelength can be applied, at which the 
species absorbs or a wavelength range can be used.  The wavelength at which a species 
can absorb depends on the electronic transitions possible for that species.  Transitions 
occur during UV-Vis, whereby electrons are excited from the lower energy ground 
state into higher energy orbitals.  This happens upon absorption of energy.  Shown in 
Figure 2.7 is an illustration of the energy levels in a molecule and the three types of 
absorption, taken from Zhang et al. 39. 
 
     2.3.2.7      Raman Spectroscopy 
 
Raman Spectroscopy was used for qualitative and quantitative analyses of the 
composite materials.  Information related to CNT structural detects can be obtained 
and surface enhanced Raman scattering (SERS) effects can be observed due to the 
presence of AuNPs 40.  Raman spectroscopy was undertaken at the FOCUS institute 
at Dublin Institute of Technology using a LabRAM high resolution Raman 
spectrometer operating at 660 nm.  All samples were prepared in KBr discs for Raman 
analysis. 
 
Figure 2.7:  Energy levels in a molecule and three types of absorption, UV, visible and 
infrared 39. 
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In Raman spectroscopy, a laser beam of a particular wavelength in the UV-Vis region 
is used to irradiate a sample and the incident light is scattered.  This scattered light can 
be of two types, Rayleigh scattering and Raman scattering.  Rayleigh scattering is an 
elastic scattering, whereby the excited molecule returns back to its ground state and 
emits the same frequency of light as the excitation source.  This elastic scattering is 
useless for characterisation purposes and is filtered out.  Raman scattering is an 
inelastic scattering process, in which the energy emitted is not conserved as it is not 
of the same frequency of the excitation source.  This occurs due to interactions 
between the incident light and the vibrational energy levels of the molecules in the 
sample.  This type of interaction leads to two possible outcomes; the emitted photon 
has a lower energy compared to the absorbed photon, which gives Stokes scattering, 
or the emitted photon may be of a higher energy than the absorbed photon, to give 
anti-Stokes scattering.  Plotting the intensity of this scattered light as a function of the 
frequency difference, Raman Shift, results in a Raman spectrum 41.  In Figure 2.8 a 
representation of the energy transfers during Rayleigh scattering, Stokes and anti-
Stokes Raman scattering is shown.  This is taken from work by Amer 42. 
During Raman analysis of a sample containing AuNPs, the phenomenon known as 
surface enhanced Raman scattering (SERS) can occur.  This occurs due to the 
enhancement of the Raman scattering of materials due to the surface plasmon 
resonance of the AuNPs.  When MWCNTs are in contact with AuNPs, the Raman 
scattering of the MWCNTs is enhanced due to the interaction of the incident laser 
 
Figure 2.8:  Representation of energy transfers during Rayleigh scattering, Stokes and 
anti-Stokes Raman scattering 42. 
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beam with the plasmonic AuNPs.  Shown in Figure 2.9 is a schematic of the SERS 
mechanism due to the presence of AuNPs on the surface of MWCNTs.  This is taken 
from work by Sharma et al. 40. 
     2.3.2.8      Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared spectroscopy (FT-IR) was used for identification of 
characteristic bands of the fMWCNTs resulting from the acid reflux.  FT-IR was 
carried out using a Perkin Elmer 2000 FT-IR spectrometer.  All samples were prepared 
in KBr discs for FT-IR analysis. 
FT-IR is a technique which can provide both qualitative and quantitative information 
of a sample.  It is based on the vibrations within molecular bonds when they are 
subjected to infrared radiation.  These bonds are identified by the frequency at which 
they absorb, which is associated with their structure.  FT-IRs may operate in the near-
infrared (14,000 – 4000 cm-1), mid-infrared (4,000 – 400 cm-1) and far-infrared (400 
– 4 cm-1) regions of the electromagnetic spectrum.  Spectra can be plotted as 
absorbance versus wavenumber or percentage transmittance versus wavenumber.  For 
quantitative analysis the absorbance plots can be used and the transmittance plot can 
be used for qualitative analysis 43.  For a molecule to be IR active it must have a dipole 
moment and a change must occur in this upon vibration.  Functional groups have 
characteristic vibrational modes.  The frequency of vibration is governed by Hooke’s 
 
Figure 2.9:   Schematic showing the SERS mechanism due to the presence of AuNPs on 
the surface of MWCNTs 40. 
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law and this law predicts that the frequency of the vibration is related to the mass of 
the atoms in the bond and the bond strength 44. 
2.3.2.9      Potentiometric Titrations 
Potentiometric titrations were used to determine the acidic group composition of both 
the 24 h fMWCNTs and the pristine MWCNTs.  This was carried out using a Jenway 
370 Enterprise pH meter.  A potentiometric titration is a type of titration in which the 
reaction between an acid and a base is monitored by measuring the pH upon addition 
of the titrant.  The pH is measured throughout and a plot of pH as a function of the 
titrant added (ml) is constructed.  Upon neutralisation, regions of sudden pH change 
occur and these regions are known as equivalence points (EPs).  At the EP in the 
titration, the concentration of acid equals that of the base, i.e. neutralisation has 
occurred 45. 
An acid-base titration, similar to that employed by Wang et al. 4 was used for the 
quantification of surface acidic groups.  In a typical set up, the fMWCNTs (5 mg) were 
dispersed in a standardised 0.01 M NaOH solution (5 ml) in 0.1 M NaCl, with the aid 
of a short sonication, and left to stir for 14 h under N2 bubbling to displace adsorbed 
CO2 from the fMWCNTs 
46.  The reaction mixture was then filtered through 0.45 µm 
pore size Acrodisc® 13 mm syringe filters to remove the CNTs and this remaining 
NaOH solution was titrated with standardised 0.01 M HCl in 0.1M NaCl.  For 
comparison, this titration was repeated with pristine MWCNTs.  The difference of the 
initial-to-final concentration of the NaOH solution was used to determine the total 
acidic group concentrations on the CNTs, which reportedly largely exist as carboxylic 
groups according to sources 4, 46. 
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3.1     Introduction 
In this chapter results are presented and discussed for the detection of glucose at 
various modified and non-modified electrodes.  Initially glucose oxidation was 
investigated at bare gold (Au), copper (Cu) and glassy carbon (GC) electrodes in 
NaOH and in a neutral solution of PBS to investigate the effects of pH.  Carbon 
nanotube-gold nanoparticle composites were then synthesised and were used to 
modify GC electrodes for glucose detection in PBS of pH 7.4.  These composite 
nanomaterials combined both pristine (MWCNTs) and various acid functionalised 
multiwalled carbon nanotubes (fMWCNTs) with gold nanoparticles (AuNPs).  They 
were produced synthetically through the direct reduction of AuNPs onto the surface 
of the carbon nanotubes using two reducing agents, sodium borohydride (NaBH4) and 
trisodium citrate (TriSodCit).  Various electrochemical pre-treatments, including 
NaOH and H2SO4 treatments, were utilised to optimise the sensitivity of the sensors.  
A permselective Nafion® membrane was also used to reduce the interference from 
interferants.  These interference studies are discussed in Chapter 5.  Having optimised 
the system using the modified GC electrodes, the electrochemical system was then 
miniaturised using screen-printed electrodes (SPEs).  In the latter sections of this 
chapter, in depth characterisation studies are presented to identify the various physical 
and electrochemical properties of these composites and the resulting composite films. 
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3.2     Results and Discussion 
3.2.1     Detection of Glucose in Alkaline Media at Bare Electrodes 
The detection of glucose at gold (Au), copper (Cu) and glassy carbon (GC) electrodes 
was initially investigated in alkaline solutions of 0.10 M NaOH (pH 12.5).  As 
discussed previously, in Chapter 1, Section 1.4.6.2, alkaline media are commonly used 
for the electrodetection of glucose.  Studies show that alkaline conditions have a 
positive effect on glucose oxidation, possibly due to the promotion of surface formed 
Au(OH)ads, which is involved in glucose detection 
1, 2.  Cyclic voltammograms (CVs) 
of 10.0 mM glucose oxidation in NaOH at a bare Au electrode (d = 3 mm) are shown 
in Figure 3.1; coloured both red and green for 1st and 20th cycle, respectively.  It can 
be seen during the initial cycle that no glucose oxidation is apparent in the forward 
scan until higher potentials are reached, above 0.20 V vs. SCE, but a large and broad 
oxidation peak is visible in the reverse scan beginning at 0.15 V vs. SCE.  With 
successive cycling, further glucose oxidation is catalysed which can be seen in the 20th 
cycle.  Larger oxidation peaks only begin in the forward scan after the first cycle, 
possibly due to an increased amount of adsorbed glucose molecules on the Au surface 
and the accumulation of surface formed Au(OH)ads, which reportedly have catalytic 
properties towards the oxidation of glucose and its intermediates3-6.  Three major peaks 
are evident in the voltammograms, two in the forward scan at 0.20 V and 0.40 V and 
in the reverse scan at 0.50 V vs. SCE.  Smaller shoulder peaks at around -0.10 V vs. 
SCE in the forward scan and at 0.00 V in the reverse scan can also be seen. It is clear 
that there are many electrochemical processes occurring which may involve both the 
oxidation of glucose and its intermediates 6.  In NaOH alone, different redox processes 
are visible with Au electrodes as seen in the blue voltammogram in Figure 3.1.  A 
small Au oxidation peak is seen at approximately -0.10 V and at 0.35 V vs. SCE in the 
forward scan and in the reverse scan the corresponding Au reduction peaks are seen at 
0.00 V and -0.25 V vs. SCE.  The oxidation peaks arising from glucose, seen in the 
red and green traces, seem to coincide with these Au redox transitions in NaOH.  
Similar results can be seen in work by Pasta et al. in which glucose detection was 
investigated at Au electrodes at alkaline pH 7.  
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Figure 3.1: Cyclic voltammograms recorded at 100 mV s-1 of a bare Au electrode (d = 3 mm) 
in a  —  0.10 M NaOH solution (pH 12.5) and a 0.10 M NaOH solution containing 10.0 mM 
glucose, — 20th cycle and  —  the 1st cycle. 
The oxidation of glucose at a Cu electrode (d = 3 mm) is shown in Figure 3.2.  Again 
the CVs recorded in NaOH, in the presence and absence of glucose are compared.  It 
is clear that the oxidation of glucose is prominent at more positive potentials at which 
the onset of higher Cu oxides begins 8.   As with Au, Cu also exhibits surface redox 
transitions in alkaline solutions.  However these typical redox couples are not clearly 
visible in the resulting voltammogram.  In general, two successive anodic peaks occur 
in the forward scan corresponding to the Cu0/Cu1+ and Cu1+/Cu2+ transitions, with the 
corresponding reduction peaks occurring during the reserve scan.  As higher potentials 
are reached, Cu2+/Cu3+ transitions occur which correspond to a significant increase in 
the glucose oxidation response 8.   It has been suggested that the Cu3+ species may act 
as electron transfer mediators during glucose oxidation 9.  The oxidation of glucose 
did increase significantly as higher potentials were reached, possibly due to the 
formation of these higher Cu3+ species, as seen in Figure 3.2. 
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Figure 3.2: Cyclic voltammograms recorded at 100 mV s-1 of a bare Cu electrode (d = 3 mm) 
in a — 0.10 M NaOH solution (pH 12.5) and a — 0.10 M NaOH solution containing 10.0 
mM glucose.   
The detection of glucose in alkaline media using a GC electrode (d = 3 mm) proved to 
be ineffective in this study.  Typical voltammograms are shown in Figure 3.3.  The 
data recorded are identical in the presence and absence of glucose and no glucose 
detection is evident regardless of the cycle number.  Although the detection of glucose 
does not occur in this case, work by Ye et al.10 shows that glucose oxidation is possible 
at GC in NaOH, although much higher concentrations of glucose are used, 30 mM.  
Also, the current responses for glucose did not appear to be measurable from the 
resulting CVs.  Ye et al.10 achieved glucose detection using a high surface area well-
aligned MWCNT modified GC electrode, but again detection of glucose was only 
observed at high glucose concentrations, 30 mM, and only in alkaline conditions. 
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Figure 3.3: Cyclic voltammograms recorded at 100 mV s-1 of a bare GC electrode (d = 3 
mm) in a — 0.10 M NaOH solution (pH 12.5) and a  —  0.10 M NaOH solution containing 
10.0 mM glucose.   
3.2.2     Detection of Glucose in Neutral Media at Bare Electrodes 
The oxidation of glucose was also studied at Au, Cu and GC electrodes (d = 3 mm) at 
a neutral pH (pH 7.4) using a 0.10 M phosphate buffer (PBS) solution.  The 
voltammograms were recorded using CV at 100 mVs-1 with a potential window from 
-0.40 V to 0.60 V vs. SCE.  Typical voltammograms recorded at bare Au are shown 
in Figure 3.4.  The redox activity of Au can be seen in the forward and reverse cycles, 
between the potentials of 0.00 V and 0.25 V vs. SCE but there is no evidence of 
glucose oxidation.  Even though studies have shown that glucose detection is possible 
at Au at this pH 4, 6, there is no evidence to support the oxidation of glucose at the bare 
Au electrode in Figure 3.4.  This may be due to the small surface area and lack of 
surface bound OHads formed at pH 7.4 
6.  It is also clear from Figure 3.5, that no 
glucose oxidation is evident at Cu in PBS.  High oxidation state Cu oxides are essential 
for glucose detection and these oxides may not be present or formed in sufficient 
amounts at this pH.  The use of Cu as a sensing material ceases in PBS and as such is 
not used further in this work. 
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As can be seen in Figure 3.6, no glucose oxidation occurs at a bare GC electrode of a 
diameter of 3 mm in PBS of pH 7.4.  The GC electrodes do not seem to show any 
electrochemistry in either NaOH or PBS solutions and therefore are not assumed to 
contribute to the sensing capabilities of the composite modified film, discussed in the 
following sections.  As was mentioned previously, Ye et al.10 did report the detection 
of glucose at GC electrodes, but only at high concentrations, 30 mM, and in alkaline 
solutions. 
 
Figure 3.4: Cyclic voltammograms recorded at 100 mV s-1 of a bare Au electrode (d = 3 
mm) in a —  0.10 M PBS (pH 7.4) solution and a  —  0.10 M PBS solution containing 
10.0 mM glucose. 
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Figure 3.5: Cyclic voltammograms recorded at 100 mV s-1 of a bare Cu electrode (d = 3 
mm) in a —  0.10 M PBS solution (pH 7.4) and a  —  0.10 M PBS solution containing 
10.0 mM glucose. 
 
Figure 3.6: Cyclic voltammograms recorded at 100 mV s-1 of a bare GC electrode (d = 3 
mm) in a —  0.10 M PBS solution (pH 7.4) and a  —  0.10 M PBS solution containing 
10.0 mM glucose.  
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3.2.3     Detection of Glucose at MWCNT-Aunano(NaBH4) and fMWCNT-
Aunano(NaBH4) Composite Films 
3.2.3.1     Pristine MWCNT-Aunano(NaBH4) 
To Note: The name of the reducing agent used is included in the composite names for 
clarity in this chapter as two different reducing agents were used.  Similar composites 
produced using trisodium citrate (TriSodCit) are discussed in Section 3.2.7. 
The formation of AuNPs on pristine MWCNTs was possible using the method 
discussed in Chapter 2, Section 2.2.5.2.  Briefly, pristine MWCNTs were firstly 
dispersed in a 1.0% sodium dodecyl sulfate (SDS) solution using ultrasonication and 
to this suspension a 1.0% gold(111) chloride (HAuCl4) solution and a 0.75% NaBH4 
solution were added.  The reaction was left to stir for 5 min and was then filtered and 
washed on 0.45 µm pore-sized Whatman® membrane paper.  The resulting composite, 
named MWCNT-Aunano(NaBH4), was then re-dispersed in a 1.0% SDS solution at a 
concentration of 2.0 mg/ml to enable casting onto the GC electrodes (d = 3 mm).  A 
volume of 5.0 µl of this dispersion was cast onto GC electrodes to produce the 
composite films.  Finally, an electrochemical pre-treatment was completed before 
glucose analysis by cycling the modified electrodes in a 0.30 M NaOH solution.  This 
promoted the detection of glucose and it was assumed that this step was important for 
removing adsorbed SDS from the films.  Indeed using UV-Vis spectroscopy an 
absorbance band assigned to SDS was observed upon cycling in the NaOH solution.  
The band increased in intensity with cycle number and cycling was continued until the 
intensity of the absorbance band remained constant.  This cycling was carried out as 
standard for all composite films.  The GC electrode is chosen as a substrate as there is 
no evidence for the oxidation of glucose at this electrode, as shown previously in 
Figures 3.3 and 3.6, respectively, in Sections 3.2.1 and 3.2.2.  The fMWCNT-Aunano 
composite films were fabricated using a similar method.  
The CVs recorded in 0.10 M PBS with concentrations of glucose ranging from 1 to 
10.0 mM, are shown in Figure 3.7.  This concentration range was chosen during this 
study and in further studies as it encompasses the physiological levels of glucose in 
the blood which typically ranges from 4 – 8 mM 11.  It is evident from these 
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voltammograms that an oxidation peak for glucose occurs at the MWCNT-
Aunano(NaBH4) composite film at approximately 0.25 V vs. SCE in both the forward 
and reverse scans, however the currents are low.  The size of these currents may be 
related to the levels of Au in the films.  Indeed, using energy dispersive X-Ray analysis 
(EDX) and atomic absorption (AA) analysis, the Au loading in the samples was 
quantified at only 1.61% wt. and 1.00% wt. of the bulk sample, respectively, data 
shown in Sections 3.2.9.3 and 3.2.9.6.  This lack of Au in the sample could be a result 
of the limited solubility of the pristine MWCNTs in the SDS solution during AuNP 
reduction.  Several studies also show that AuNPs tend to deposit around the areas of 
defects on carbon nanotubes, which occur during acid functionalisation12, 13.  As the 
pristine MWCNTs were not functionalised these defects may not be present in 
sufficient concentrations to facilitate the deposition of the AuNPs. 
The corresponding calibration curve for the detection of glucose in PBS solution at 
the NaOH pre-treated MWCNT-Aunano(NaBH4) composite film is shown in Figure 
3.8.  This calibration curve was produced using the average peak current response 
recorded at 0.25 V vs. SCE during the reverse scan, corresponding to the oxidation of 
glucose.  Serial dilutions were employed to give the glucose concentrations between 
1.0 and 10.0 mM.  Although the R2 value of 0.9917 indicates a linear calibration curve, 
the error bars are quite large especially at the higher glucose concentrations.  This 
trend with the error bars is due to the variation in the current responses obtained during 
each individual experiment, as shown in Figure 3.8 (b).  All further work uses the 
average current values to produce the calibration curves. 
In an attempt to increase the oxidation responses for glucose in the PBS solution, new 
composites using acid functionalised carbon nanotubes (fMWCNTs) were produced.  
In these syntheses the MWCNTs were refluxed in concentrated HNO3 for periods of 
18 h, 24 h and 48 h and were then used to form the composite materials with higher 
AuNP loadings.  The same synthesis conditions were used for each composite and the 
only difference in each procedure were the fMWCNTs used.  
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Figure 3.7: Cyclic voltammograms recorded at 100 mV s-1 of the MWCNT-Aunano(NaBH4) 
modified GC electrode in a 0.10 M PBS solution (pH 7.4) containing 1.0 – 10.0 mM glucose.  
Magnified sections showing the oxidation peaks are shown to the right.  Arrows indicate the 
direction of scanning. 
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Figure 3.8: (a) Calibration curve for the oxidation of glucose in 0.10 M PBS (pH 7.4) at the 
pristine MWCNT-Aunano(NaBH4) modified GC electrode,  n = 3.  This graph was produced 
using the mean of the peak currents from three separate experiments.  Figure (b) displays 
calibration data for each experiment.  Currents measured at 0.25 V vs. SCE. 
(a) 
(b) 
Chapter 3 
 
77 
 
3.2.3.2     Acid functionalised 18 h fMWCNT-Aunano(NaBH4) 
To Note: The initial prefix representing the reflux time is included in the following 
sections, Sections 3.2.3.2 – 3.2.3.5, for comparison of the composite materials, 
although this prefix is removed from Section 3.2.4 onwards for clarity.  It should be 
noted that only the 24 h fMWCNTs were used in further studies. 
In an attempt to increase the AuNP loading into the composite and to increase the 
solubility of MWCNTs in SDS, the MWCNTs were functionalised in concentrated 
HNO3 to introduce polar acid functionalities on their surfaces.  This type of acid 
treatment can be quite destructive to the surface graphene layers and produces acidic 
defects in the graphitic hexacyclic sp2 hybridised structures 14.  As mentioned 
previously, AuNPs tend to deposit at the defect sites of fMWCNTs.  The pristine 
MWCNTs were refluxed in HNO3 for an 18 h period to produce the 18 h fMWCNTs, 
as discussed in Chapter 2, Section 2.2.5.1.  These fMWCNTs were dispersible in both 
H2O and 1.0% SDS, at 2 mg/ml, in contrast to the pristine MWCNTs which were much 
less dispersible in H2O.  The resulting composite, named 18 h fMWCNT-
Aunano(NaBH4), was then employed as detailed in Section 3.2.3.1 to produce the 
composite modified GC electrode.  Details of this synthesis are discussed in Chapter 
2, Section 2.2.5.2.  
Typical CVs for the oxidation of glucose at the 18 h fMWCNT-Aunano(NaBH4) 
composite films are shown in Figure 3.9.  When these voltammograms are compared 
with the data shown in Figure 3.7, it is clear that the oxidation of glucose is greatly 
improved as larger current responses are evident in both the reverse and forward scans 
at around 0.25 V vs. SCE.  As in Section 3.2.3.1, the glucose calibration curve, shown 
in Figure 3.10, was constructed using the current responses for glucose measured in 
the reverse scans during CV.  The sensitivity of this sensor is over 180% higher than 
that of the previous pristine MWCNT-Aunano(NaBH4) film, Section 3.2.3.1.  The 
calibration curve generated from these CVs shows good linearity, but large errors are 
seen, especially at higher glucose concentrations. 
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Figure 3.9: Cyclic voltammograms recorded at 100 mV s-1 at the 18 h fMWCNT-
Aunano(NaBH4) modified GC electrode in 0.10 M PBS solutions (pH 7.4) containing 1.0 – 
10.0 mM glucose.  Magnified sections showing the oxidation peaks are shown to the right.   
 
 
Figure 3.10: Calibration curve for the oxidation of glucose in 0.10 M PBS (pH 7.4) at the 
18 h fMWCNT-Aunano(NaBH4) modified GC electrode, n = 3.  Currents measured at 
approximately 0.25 V vs. SCE. 
 
 
 
R2 = 0.9970 
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3.2.3.3     Acid functionalised 24 h fMWCNT-Aunano(NaBH4) 
This material, using the MWCNTs refluxed for the longer period of 24 h, resulted in 
a composite that produced the most sensitive films for glucose.  This composite was 
named 24 h fMWCNT-Aunano(NaBH4) and details of its synthesis are discussed in 
Chapter 2, Section 2.2.5.2.  The voltammograms recorded, for the detection of glucose 
using this composite film, are shown in Figure 3.11.  The resulting peak currents 
remain at approximately 0.25 V vs. SCE and are considerably larger in comparison to 
the data presented in Figure 3.9, for the films produced using the 18 h fMWCNT-
Aunano(NaBH4) composite or in Figure 3.7 for the pristine MWCNTs-Aunano(NaBH4) 
composite.  This indicates very good detection and the corresponding calibration 
curve, shown in Figure 3.12, gives very good linearity (R2 is 0.9927) with smaller 
errors.  To construct these calibrations curves the oxidation responses for glucose in 
the reverse scan were used.  The sensitivity of this sensor is 50% higher than that of 
the previous 18 h fMWCNT-Aunano(NaBH4) film, Section 3.2.3.2 and over 300% 
higher than the pristine MWCNT-Aunano(NaBH4), Section 3.2.3.1.  The films 
improved sensitivity is most likely due to an increased amount of the AuNPs present 
in the composite.  As mentioned previously, increased AuNP loading may be a result 
of the larger number of defect sites on the fMWCNTs but may also be due to their 
improved solubility in SDS during composite synthesis.  Analysis of the 
potentiometric titrations, shown in Section 3.2.9.2, gives the surface coverage of acidic 
groups of the 24 h fMWCNTs to be at 6.0%, in comparison to a value of 0.0% with 
the pristine MWCNTs.  The Au content is indeed higher in this composite in 
comparison to the pristine MWCNT-Aunano composite, and is determined to be 2.86% 
wt. of sample using EDX and 2.0% using AA analysis, shown in Sections 3.2.9.3 and 
3.2.9.6, respectively.  TEM analysis, presented in Section 3.2.9.4, shows the sizes of 
the AuNPs formed to be largely under 10.0 nm in diameter with a low size distribution.  
From comparison of these results, it is clear that the functionalisation of the MWCNTs 
has a significant role to play in the extent of AuNP loading onto the nanotube surfaces 
and thus the sensitivity of the composite films towards glucose detection. 
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Figure 3.11: Cyclic voltammograms recorded at 100 mV s-1 at the 24 h fMWCNT-
Aunano(NaBH4) modified GC electrode in 0.10 M PBS solutions (pH 7.4) containing 1.0 – 
10.0 mM glucose.  Magnified sections showing the oxidation peaks are shown to the right.   
 
Figure 3.12 Calibration curve for the oxidation of glucose in 0.10 M PBS (pH 7.4) at the 
24 h fMWCNT-Aunano(NaBH4) modified GC electrode, n = 3.  Currents measured at 
approximately 0.25 V vs. SCE. 
 
 
 
 
Chapter 3 
 
81 
 
3.2.3.4     Acid functionalised 48 h fMWCNT-Aunano(NaBH4) 
Due to the good sensitivity of the previous composite film for the detection of glucose, 
Figures 3.11 and 3.12, it was expected that the material produced with 48 h refluxed 
fMWCNTs may provide even better sensing films.  This material was named 48 h 
fMWCNT-Aunano(NaBH4) and was produced using the synthesis conditions discussed 
in Chapter 2, Section 2.2.5.2.  Representative CVs recorded in the glucose-containing 
PBS solutions using the 48 h fMWCNT-Aunano(NaBH4) modified GC electrode are 
shown in Figure 3.13, however it is evident that the oxidation currents for glucose are 
less intense, in comparison to those displayed for the 24 h fMWCNT-Aunano(NaBH4) 
film in Section 3.2.3.3.  This is also evident in the calibration curve shown in Figure 
3.14 which was constructed using the peal currents for glucose in the reverse scans 
during CV.  In comparison to the 24 h fMWCNT-Aunano(NaBH4) modified GC, 
Section 3.2.3.3, the sensitivity has decreased by 30% at the 48 h fMWCNT-
Aunano(NaBH4).  Although in comparison to the pristine MWCNT-Aunano(NaBH4) 
film, the sensitivity has been increased by almost 200%.  One possible explanation for 
the lower currents may be connected to the lengthy acid reflux in HNO3 which has 
damaging effects on the MWCNTs.  Indeed over 50% of the MWCNT starting 
material was lost during this 48 h acid reflux.   
 
Figure 3.13: Cyclic voltammograms recorded at 100 mV s-1 for the 48 h fMWCNT-
Aunano(NaBH4) modified GC electrode in 0.10 M PBS solutions (pH 7.4) containing 1.0 – 
10.0 mM glucose.  Magnified sections showing the oxidation peaks are shown to the right.   
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Figure 3.14: Calibration curve for the oxidation of glucose in 0.10 M PBS (pH 7.4) at the 
48 h fMWCNT-Aunano(NaBH4) modified GC electrode, n = 3.  Currents measured at 
approximately 0.25 V vs. SCE. 
3.2.3.5     Limits of Detection and Sensitivities at the MWCNT-Aunano(NaBH4) 
and fMWCNT-Aunano(NaBH4) Films 
Using the calibration curves presented in Figures 3.8, 3.10, 3.12 and 3.14, the Limits 
of Detection (LODs) were calculated and compared for the different composite films.  
These values can be used as an indication of the lowest quantity of an analyte that can 
be accurately distinguished from background noise 15.  The LODs are calculated using 
Equation 3.1 where LOD is the concentration, Sd is the standard deviation of the blank 
current response 16.  As LODs are related to the standard deviation of the background 
response any large fluctuations in this response will have an effect on their values. 
The sensitivities of the films towards the oxidation of glucose have also been 
calculated from the slope of the linear plot and these data are summarised in Table 3.1.  
It can be clearly seen that the 24 h fMWCNT-Aunano(NaBH4) composite exhibits the 
best detection of glucose with a LOD value of 0.429 µM, in contrast to the LOD value 
of 1.348 µM for the pristine MWCNT.  It is also clearly evident from the data that this 
𝐿𝑂𝐷 =  3𝑆𝑑 
 
3.1 
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film possessed the highest sensitivity towards glucose at 2.102 A/mM.   This is most 
likely due to an increased surface coverage of AuNPs.  Indeed this was confirmed 
using AA analysis, shown in Section 3.2.9.6, in which an Au composition of 2.0% wt. 
was achieved.  The Au composition of the pristine MWCNT-Aunano(NaBH4) material 
was lower at 1.0% wt. and this is possibly the reason for its lesser sensitivity towards 
glucose. 
3.2.4     Detection of Glucose at fMWCNT-Aunano(NaBH4)/Nafion® Films 
Since the 24 h fMWCNT-Aunano(NaBH4) composite film, discussed in Section 3.2.3.3, 
provided the most sensitive films with the lowest LOD values, it was chosen as the 
ideal material for combination with a Nafion® membrane.  This membrane was created 
using 5.0 µl of a 50:50 (vol:vol) Nafion® 117 solution made in ethanol absolute, as 
discussed in Chapter 2, Section 2.2.6.4.  This volume of the Nafion® solution was 
sufficient to completely cover the composite film and also the surrounding insulating 
housing.  This new film was named fMWCNT-Aunano(NaBH4)/Nafion®.   As discussed in 
Chapter 1, Section 1.4.6.4, Nafion® has anion rejection properties, and it has the 
potential to reduce interference from anionic species such as ascorbic acid (AA) and 
uric acid (UA).  However, in this work it was also found to reduce the detection of 
glucose.  With the use of Nafion®, the sensitivity of the film produced from 2.0 mg/ml 
dispersion, Figure 3.15, had decreased by almost 80%, in comparison to the film 
Table 3.1: Limits of Detection and film sensitivity values towards the oxidation of glucose 
at the MWCNT-Aunano(NaBH4) and fMWCNT-Aunano(NaBH4) composite films towards 
glucose oxidation, n = 3. 
Composite Film 
LOD    
/ µM 
Sensitivity   
/ µA/mM 
Error              
/ µA/mM 
Pristine MWCNT-Aunano 1.348 0.504 ± 0.054 
18 h fMWCNT-Aunano 2.032 1.431 ± 0.227 
24 h fMWCNT-Aunano 0.429 2.102 ± 0.223 
48 h fMWCNT-Aunano 2.474 1.445 ± 0.133 
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without Nafion®, Section 3.2.3.3.  In an attempt to enhance the detection of glucose at 
the Nafion® modified films, a more concentrated dispersion of the fMWCNT-
Aunano(NaBH4), at 4.0 mg/ml was used and compared with the results obtained with a 
dispersion of 2.0 mg/ml.  Again, the composite was re-dispersed in a 1.0% SDS 
solution and cast onto the GC electrodes. 
Results for the detection of glucose at this fMWCNT-Aunano(NaBH4)/Nafion
® 
modified GC electrode are shown in Figure 3.15.  In Figure 3.15 (a), results are shown 
for the detection of glucose at a modified GC electrode containing 5.0 µl of the 2.0 
mg/ml fMWCNT-Aunano(NaBH4) dispersion and data for the higher concentration 
dispersion of 4.0 mg/ml are presented in Figure 3.15 (b).  In both cases, the wave 
arising from the oxidation of glucose is more clearly shown in a smaller 
electrochemical window.  As seen in Figure 3.15, the detection of glucose is possible 
with the addition of Nafion®, although the currents recorded at around 0.25 V vs. SCE, 
for the detection of glucose, appear considerably lower than those obtained at the 
fMWCNT-Aunano(NaBH4) modified electrode without Nafion
®, Figure 3.11.  On 
comparing the data presented in Figure 3.15 (a) and (b) it is clear that the more 
concentrated dispersion, 4.0 mg/ml, results in the best detection of glucose in 
comparison to the 2.0 mg/ml dispersion.  Indeed sensitivity has increased by 
approximately 90%.  More concentrated dispersions were used but no further 
improvements in the detection of glucose were observed. 
Calibration curves for the Nafion® encapsulated films, fMWCNT-Aunano(NaBH4) 
Nafion®, produced from the 4.0 mg/ml and 2.0 mg/ml dispersions are shown in Figure 
3.16.  It is clear from these plots that the 4.0 mg/ml dispersion yields the highest 
sensitivity to glucose with a 90% improvement.  However as mentioned the over 
sensitivity towards glucose has been reduced significantly by 80%.  In Table 3.2, the 
LODs and sensitivities of films towards glucose produced with the 2.0 mg/ml and the 
higher 4.0 mg/ml dispersions are listed.  In an attempt to improve the detection of 
glucose at these films, the fMWCNT-Aunano(NaBH4) electrodes were cycled in H2SO4, 
using CV.  The cycling of Au materials in H2SO4 can be employed in the field of 
electrochemistry as a general cleaning step 17 and this approach was used with the 
composite films. 
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Figure 3.15: Cyclic voltammograms recorded at 100 mV s-1 of the fMWCNT-
Aunano(NaBH4)/Nafion® modified GC electrodes produced from 5.0 µl of the (a) 2.0 mg/ml 
and (b) 4.0 mg/ml dispersions in 0.10 M PBS solutions (pH 7.4) containing 1.0 – 10.0 mM 
glucose.  Magnified sections showing the oxidation peaks are shown to the right. 
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Figure 3.16: Calibration curves for the oxidation of glucose in 0.10 M PBS (pH 7.4) at the 
fMWCNT-Aunano(NaBH4)/Nafion® modified GC electrodes produced from (a) 2.0 mg/ml 
and (b) 4.0 mg/ml dispersions, n = 3.  Currents measured at 0.25 V vs. SCE. 
Table 3.2: Limits of detection and sensitivities of the films towards the oxidation of glucose 
at the fMWCNT-Aunano(NaBH4)/Nafion® composite modified GC electrodes produced 
from the 2.0 mg/ml and 4.0 mg/ml dispersions, n = 3. 
Dispersion Concentration  
/ mg/ml 
LOD           
/ µM 
Sensitivity          
/ µA/mM 
Error         
/ µA/mM 
2.0 0.632 0.507 ± 0.027 
4.0 0.894 0.942 ± 0.062 
 
3.2.5     Optimisation of Glucose Detection at fMWCNT-Aunano(NaBH4) 
Films using Sulfuric Acid Pre-treatments 
The fMWCNT-Aunano(NaBH4) composite films were cycled in 1.0 M and 0.5 M 
H2SO4 using CV and then cycled in PBS with the addition of glucose.  It can again be 
noted that only the 24 h fMWCNT-Aunano(NaBH4) composites are used in the 
remaining work.  The initial NaOH cycling was also used and this was carried out 
prior to the pre-treatment in the acid solution.  The influence of the H2SO4 pre-
treatment is shown in Figure 3.17, where voltammograms are presented for the H2SO4 
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pre-treated and untreated films in the PBS background electrolyte with and without 
10.0 mM glucose.   As observed in the CVs in Figure 3.17, these pre-treatment steps 
increase the sensitivity of the materials towards glucose detection, of which 1.0 M 
H2SO4 provides optimal results.  The 1.0 M H2SO4 cycling increased the peak currents 
measured for glucose in the forward and reverse scans by 70% and 90%, to 4.19 ⨯10-
5A (41.90 µA) and 5.99 ⨯10-5A (59.93 µA), in comparison to the film without H2SO4 
pre-treatment, which yields peak currents of 2.46 ⨯10-5A (24.60 µA) and 3.21⨯10-5A 
(32.10 µA) in the forward and reverse scans, respectively.  It is evident that glucose 
detection occurs over similar potentials in both the reverse and forward scans although 
with a slight positive shift in the forward scan.  Also, it is evident that an increase in 
the overall capacitance at the composite film occurs, with the most significant increase 
at potentials lower than 0.10 V vs. SCE.  It is clear that the overall capacitance of the 
films is higher at the 1.0 M H2SO4 pre-treated film.
  To gain further information on the 
composite films and the effects of the pre-treatment in the H2SO4, solutions, 
electrochemical impedance spectroscopy was conducted.  The results of this study are 
presented and discussed in Section 3.2.9.11.  It appears from the data presented in 
Figure 3.17, that utilisation of the 1.0 M H2SO4 pre-treatment gives the best detection 
of glucose.  
 
Figure 3.17: Cyclic voltammograms recorded at 100 mV s-1 for the H2SO4 pre-treated 
fMWCNT-Aunano(NaBH4) modified GC electrodes in 0.10 M PBS (pH 7.4) (blue) and in 
0.10 M PBS containing 10.0 mM glucose (red) for films pre-treated in  — 1.0 M H2SO4, 
- - - 0.5 M H2SO4 and ….. no pre-treatment in H2SO4. 
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3.2.6     Detection of Glucose using CPA at Pre-treated fMWCNT- 
Aunano(NaBH4) and fMWCNT-Aunano(NaBH4)/Nafion® Films 
The detection of glucose in 0.10 M PBS was further studied at the H2SO4 pre-treated 
fMWCNT-Aunano(NaBH4) and fMWCNT-Aunano(NaBH4)/Nafion
® composite films 
using constant potential amperometry (CPA), experimental setups are discussed in 
Chapter 2, Section 2.2.8.2.  CPA is a technique commonly used in electrochemical 
sensors and involves the application of a constant potential to the sensor and the 
resulting currents are measured.  Various potentials ranging from 0.00 V to 0.50 V vs. 
SCE were chosen to identify an ideal potential for maximum glucose detection.  A 
potential of 0.30 V vs. SCE, which is located just after the oxidation waves in the 
forward scans, yielded the best results and was chosen for all CPA experiments.  These 
data were recorded by applying a potential of 0.30 V vs. SCE to the composite films 
until the current reached a steady state, approximately 1000 s, then aliquots of glucose 
from a 50 mM stock solution in 0.1 M PBS were added.  Details of the volumes of this 
stock added to the cell and the cell glucose concentrations are listed in Chapter 2, 
Section 2.2.8.2. 
In Figure 3.18, the current-time plots are shown for the oxidation of glucose at 0.30 V 
vs. SCE for the fMWCNT-Aunano(NaBH4) modified GC electrodes following no pre-
treatment (blue trace), pre-treatment in  0.5 M H2SO4 (red trace) and pre-treatment in 
1.0 M H2SO4 (green trace).  It is clear that the acid cycling increases the detection of 
glucose, with the 1.0 M H2SO4 pre-treatment improving the sensitivity by almost 
600% using CPA, compared to the untreated composite film.  In Figure 3.19, the 
influence of the Nafion® membrane is shown.  These plots were recorded for the 
fMWCNT-Aunano(NaBH4) composite with and without the Nafion
® membrane 
following a pre-treatment in 1.0 M H2SO4.  As discussed in previous sections these 
membranes were made using 5.0 µl of a 50:50 (vol:vol) solution of Nafion® 117 made 
in ethanol absolute. The membrane consisted of 5.0 µl of Nafion® 117 cast onto the 
surface of the fMWCNT-Aunano(NaBH4) composite.  It is clear from these results that 
the use of Nafion® greatly reduces the detection of glucose and this reduction in 
sensitivity is calculated to be approximately 80% for the 1.0 M H2SO4, 0.5 M H2SO4 
and non-treated films, data shown in Table 3.3. 
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Figure 3.18: Current-time plots for the oxidation of glucose in 0.10 M PBS (pH 7.4) with 
the successive additions of glucose aliquots from a 50 mM stock solution, made in 0.10 M 
PBS, recorded at 0.30 V vs. SCE, at the fMWCNT-Aunano(NaBH4) modified GC electrodes 
pre-treated in — 0.5 M H2SO4, — 1.0 M H2SO4 —  and no pre-treatment. 
 
Figure 3.19: Current-time plots for the oxidation of glucose in 0.10 M PBS (pH 7.4) with 
the successive additions of glucose aliquots from a 50 mM stock solution, made in 0.10 M 
PBS, recorded at 0.30 V vs. SCE, at the 1.0 M H2SO4 pre-treated — fMWCNT-
Aunano(NaBH4) and  — fMWCNT-Aunano(NaBH4)/Nafion® modified GC electrodes. 
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Calibration curves for the detection of glucose using CPA at 0.30 V vs. SCE are shown 
in Figure 3.20.  In Figure 3.20 (a) calibration curves are presented for the fMWCNT-
Aunano(NaBH4) composite following no pre-treatment and pre-treatments in 0.5 M and 
1.0 M H2SO4, while the corresponding data recorded at the fMWCNT-
Aunano(NaBH4)/Nafion
® films are presented in Figure 3.20 (b).  The calibration curves 
show good linearity with small errors.  In the presence of higher concentrations of 
glucose, above 12.5 mM, there is some deviation from linearity observed.  The errors 
are small but do increase when the Nafion® membrane is used and when higher 
concentrations of glucose are present.  It is clear from these data that the 1.0 M H2SO4 
pre-treated fMWCNT-Aunano(NaBH4) composite, with and without Nafion
® gave the 
best detection of glucose with higher sensitivity.  The use of Nafion® reduced the films 
sensitivity towards glucose and this may be due to an increase in the diffusion barrier 
and therefore a decreased the rate of glucose diffusion to the electrode surface. 
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Figure 3.20: Calibration curves for the oxidation of glucose in 0.10 M PBS (pH 7.4) at the 
H2SO4 pre-treated and non-treated (a) fMWCNT-Aunano(NaBH4) and (b) fMWCNT-
Aunano(NaBH4)/Nafion® modified GC electrodes, n = 3. 
The LOD and sensitivity values for the composite films are listed in Table 3.3.  Again, 
it is clear from the sensitivity values at the 1.0 M H2SO4 optimised sensors, with or 
without Nafion® that they result in the highest sensitivities towards glucose.  The 
sensitivity at the 1.0 M H2SO4 pre-treated fMWCNT-Aunano(NaBH4) composite film 
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is 2.430 A/mM, compared to a sensitivity of 0.349 A/mM at the non-treated 
composite film.  This corresponds to almost a 600% increase in sensitivity.  The 
sensitivity of the fMWCNT-Aunano(NaBH4)/Nafion® film has been increased by 
almost 350% with the use of the 1.0 M H2SO4 pre-treatment.  However its sensitivity 
is reduced considerably, by 90%, in comparison to the optimised film without Nafion®, 
fMWCNT-Aunano(NaBH4).  Since the 1.0 M H2SO4 pre-treatment resulted in the most 
sensitive films towards glucose, this was utilised in all further studies as standard, 
along with the NaOH pre-treatments.  These acid treated sensors may be referred to as 
‘optimised’ sensors in the following sections. 
Table 3.3: Limits of detection and sensitivities towards the oxidation of glucose at the  
fMWCNT-Aunano(NaBH4) composite films pre-treated in H2SO4 with and without the 
Nafion® membranes, n = 3. 
Without Nafion® With Nafion® 
Pre-
Treatment 
LOD       
/ µM 
Sensitivity                    
/ µA/mM 
Error            
/ µA/mM 
LOD    
/ µM 
Sensitivity     
/ µA/mM 
Error        
/ µA/mM 
1.0 M H2SO4 0.072 2.430 ± 0.0351 0.027 0.317 ± 0.0025 
0.5 M H2SO4 0.228 0.954 ± 0.0680 0.029 0.222 ± 0.0070 
No H2SO4 0.213 0.349 ± 0.1530 0.053 0.073 ± 0.0240 
 
3.2.7     Detection of Glucose at fMWCNT-Aunano Films using Trisodium 
Citrate as a Reducing Agent 
Due to the glucose sensing limitations of the fMWCNT-Aunano(NaBH4)/Nafion
® 
composites films, new composite films were produced using a new composite material 
which was produced using a differed reducing agent and synthesis conditions.  This 
was carried out in an attempt to increase the loading of the AuNPs onto the 
fMWCNTs.  Trisodium citrate (TriSodCit) was used as the reducing agent to produce 
the composite named fMWCNT-Aunano(TriSodCit) and the procedure used is detailed 
in Chapter 2, Section 2.2.5.3.  The 24 h fMWCNTs were again used as they yielded 
the best results previously.  As with the previous composite, a dispersion of 4.0 mg/ml 
in 1.0% SDS was prepared and a 5.0 µl volume of this was again cast onto the GC 
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surface.  Due to the success of the H2SO4 pre-treatments, this was utilised further.  The 
previous composite, produced with the NaBH4, consisted of Au at 2.0% wt., which 
was determined using AA analysis, Section 3.2.9.6, and the new composite generated 
using the TriSodCit yielded an increased Au composition of 5.0%.  As before, CPA at 
an applied potential 0.30 V vs. SCE was used for the detection of glucose.  The current-
time plots recorded for the oxidation of glucose, at 0.30 V vs. SCE, at the 1.0 M H2SO4 
pre-treated fMWCNT-Aunano(TriSodCit) and fMWCNT-Aunano(NaBH4) modified 
electrodes are shown in Figure 3.21 for comparison.  The corresponding calibration 
curves are shown in Figure 3.22.  It is clear from these data that the fMWCNT-
Aunano(TriSodCit) composite films provide a larger current response to glucose and as 
a result give improved glucose detection.  This is most likely due to the increased 
presence of AuNPs on the fMWCNTs.   Larger AuNPs, typically around 25 nm in 
size, were also formed using this new procedure, as shown in the TEM analysis in 
Section 3.2.9.4.  Again the calibration curves show good linearity but with a slight 
deviation at higher glucose concentrations, Figure 3.22.  The errors increase at these 
higher concentrations.  It is clear that the sensitivity of this optimised fMWCNT-
Aunano(TriSodCit) film towards glucose oxidation is much improved at 4.070 µA/mM, 
Table 3.4.  This is 70% higher than the sensitivity of 2.430 µA/mM obtained at the 
previous optimised fMWCNT-Aunano(NaBH4) film.  The LOD value remains at an 
acceptable level of 0.304 µM, which compares well with the LOD values of the 
previous sensor. 
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Figure 3.21: Current-time plots for the oxidation of glucose in 0.10 M PBS (pH 7.4) with 
the successive additions of glucose aliquots from a 50 mM stock solution, made in 0.10 M 
PBS, recorded at 0.30 V vs. SCE, at the 1.0 M H2SO4 pre-treated (a) fMWCNT-
Aunano(NaBH4) and (b) fMWCNT-Aunano(TriSodCit) modified GC electrodes. 
 
Figure 3.22: Calibration curves for the oxidation of glucose in 0.10 M PBS (pH 7.4), 
recorded at 0.30 V vs. SCE, at the 1.0 M H2SO4 pre-treated (a) fMWCNT-Aunano(NaBH4) 
and (b) fMWCNT-Aunano(TriSodCit) modified GC electrodes, n = 3.  
Naturally the next step would have been to investigate glucose detection in the 
presence of a Nafion® membrane.  However the use of this fMWCNT-
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Aunano(TriSodCit) material for glucose sensing was ceased hereafter due to the 
instability of the composite material.  This conclusion was reached as batches of this 
material only yielded sensitive films for a period of days and as such it was not an 
efficient direction to proceed with.  It was assumed that AuNP aggregation was 
occurring both in the drop cast dispersal solutions and in the dry powder, possibly due 
to the higher AuNP loading and larger size. 
Table 3.4: Limits of detection and sensitivities towards the oxidation of glucose at the 
optimised fMWCNT-Aunano(TriSodCit) composite film, n = 3. 
 
Without Nafion® With Nafion® 
Pre-
Treatment 
LOD 
/ µM 
Sensitivity 
/ µA/mM 
Error        
/ µA/mM 
LOD 
/ mM 
Sensitivity 
/ µA/mM 
Error         
/ µA/mM 
1.0 M H2SO4 0.304 4.070 ± 0.5293 ǂ ǂ ǂ 
 
ǂ Experiment was not conducted 
3.2.8     Detection of Glucose at fMWCNT-Aunano(NaBH4) and fMWCNT-
Aunano(NaBH4)/Nafion® Modified Screen Printed Electrodes 
Two types of screen printed electrodes (SPEs) were used and were both supplied from 
DropSens.  The initial SPE of choice was the DRP-150 SPE which was a regular SPE 
consisting of a printed planar working electrode made of carbon, a platinum counter 
electrode and a silver (Ag) reference electrode.  The other SPE (DRP-110OMC) 
consisted of high surface area ordered macroporous carbon working electrode, a 
carbon counter electrode and an Ag reference electrode.  These Ag reference 
electrodes were converted into silver/silver chloride (Ag/Ag/AgCl) pseudo-reference 
electrodes using iron(111) chloride, as discussed in Chapter 2, Section 2.2.3.  This was 
conducted as initial experiments found that potential drifts were a problem using the 
unmodified Ag reference.  Upon investigating a series of potentials for CPA analysis, 
in proximity to the glucose oxidation peaks appearing in the forward and revers scans, 
a constant potential of -0.05 V vs. Ag/AgCl was applied, which provided the highest 
current responses for glucose.  This potential coincided with the glucose oxidation 
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peak in the reverse scan of the CVs, a similar observation to the modified GC system 
using the SCE reference electrode, in which a potential of 0.30 V vs. SCE was used. 
As mentioned, the fMWCNT-Aunano(NaBH4) composite was only used in this work 
and in further work.  Again this composite was dispersed in SDS at a concentration of 
4.0 mg/ml for casting onto the electrode, although a larger quantity of 10.0 µl of the 
4.0 mg/ml dispersion was found to provide optimum results on the SPEs due to their 
larger geometric area.  Figure 3.23 (a), shows the CVs obtained at the 1.0 M H2SO4 
pre-treated and untreated films in a PBS solution with and without 10.0 mM glucose.  
These CVs somewhat resemble those obtained from glucose detection at the modified 
GC electrodes, although the background currents appear more capacitive and the 
glucose oxidation peaks cannot be observed clearly.  For better visualisation of the 
glucose oxidation peak at the optimised film in the reverse scan, a current differential 
plot was constructed by plotting the background-subtracted oxidation wave, shown in 
Figure 3.23 (b). 
 
Figure 3.23: (a) Cyclic voltammograms recorded at 100 mV s-1 for the fMWCNT-
Aunano(NaBH4) modified SPE electrodes (DRP-150) in 0.10 M PBS (pH 7.4) (blue) and in 0.10 
M PBS containing 10.0 mM glucose (red) for films pre-treated in  — 1.0 M H2SO4 and ….. 
no pre-treatment in H2SO4.  Figure (b) is a current differential plot displaying the glucose 
oxidation peak in the reverse scan at the 1.0 M H2SO4 pre-treated modified SPE. 
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CPA studies were then undertaken at these composite films with and without Nafion®.  
To produce the Nafion® membrane, a volume of 3.0 µl was cast solely onto the 
composite modified working electrode from a 50:50 (vol:vol) Nafion® 117 solution 
made in ethanol absolute.  This 3.0 µl volume was considered to be equal with the 5 
µl used at the previous system using the modified GC electrodes, in which the surface 
surrounding the working electrode was also encapsulated in Nafion®.  Using CPA at 
a potential of -0.05 V vs. Ag/AgCl, typical current-time plots are obtained for the 
optimised sensor with and without Nafion®, shown in Figures 3.24 (a) and 3.25 (a).  
Details of the volumes of the glucose stock solution added to the cell and the cell 
glucose concentrations are listed in Chapter 2, Section 2.2.8.2.  A linear trend in data 
can be seen in the resulting calibration curves, although the use of Nafion® reduced 
the sensitivity for glucose by 90%, Figures 3.24 (b) and 3.25 (b).  This reduction in 
sensitivity compares very well with that observed at the fMWCNT-
Aunano(NaBH4)/Nafion
® modified GC electrodes, Section 3.2.6.  Although there has 
been a reduction in sensitivity, the sensor response stability has improved as the 
current responses for glucose retain stability over time, as seen in Figure 3.25 (a).  It 
has been reported that the use of membranes in electrochemical sensors helps control 
the diffusion of species to the electrode surface and that such diffusional barriers also 
improves  a sensors response stability 18.  In contrast, the sensor without the membrane, 
Figure 3.24 (a), possesses a lower response stability and this may be due to the 
exhaustion of glucose at the high surface area sensing surface during analysis. 
 
 
 
Chapter 3 
 
98 
 
 
 
Figure 3.24: (a) Current-time plots for the oxidation of glucose in 0.10 M PBS (pH 7.4) 
with the successive additions of glucose aliquots from a 50 mM stock solution, made in 0.10 
M PBS, recorded at -0.05 V vs. Ag/AgCl, at the 1.0 M H2SO4 pre-treated fMWCNT-
Aunano(NaBH4) modified SPE electrode (DRP-150) and (b) the corresponding calibration 
curve for glucose oxidation.  
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Figure 3.25: (a) Current-time plots for the oxidation of glucose in 0.10 M PBS (pH 7.4) 
with the successive additions of glucose aliquots from a 50 mM stock solution, made in 0.1 
M PBS, recorded at -0.05 V vs. Ag/AgCl, at the 1.0 M H2SO4 pre-treated fMWCNT-
Aunano(NaBH4)/Nafion® modified SPE electrode (DRP-150) and (b) the corresponding 
calibration curve for glucose oxidation.  
The optimised fMWCNT-Aunano(NaBH4) composite films formed on the SPEs 
provided similar sensitivities to glucose to those formed on the GC electrodes, 
although it was hoped that these sensitivities could be increased.  In an attempt to 
increase sensitivity, macroporous SPEs (DRP-110OMC) were used, which according 
to DropSens have significantly higher surface areas (no surface area values supplied).  
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These DRP-110OMC SPEs consist of a high surface area working electrode made of 
ordered macroporous carbon.  Results however showed that sensitivities did not 
improve using these SPEs, as indicated from the CVs in Figure 3.26 (a) and from the 
current differential plot of the glucose oxidation peak at the optimised film in the 
reverse scan, Figure 3.26 (b).  This may be due to the bulky nature of the composite 
drop cast dispersions which may have merely formed a layer over the macroporous 
structures, instead of lining the inside of the pores.  Further work was not carried out 
using these macroporous SPEs.  
 
Figure 3.26: (a) Cyclic voltammograms recorded at 100 mV s-1 for the fMWCNT-
Aunano(NaBH4) modified macroporous SPE electrodes (DRP-110OMC) in 0.10 M PBS 
(pH 7.4) (blue) and in 0.10 M PBS containing 10.0 mM glucose (red) for films pre-treated 
in  — 1.0 M H2SO4 and ….. no pre-treatment in H2SO4.  Figure (b) is a current differential 
plot displaying the glucose oxidation peak in the reverse scan at the 1.0 M H2SO4 pre-treated 
modified SPE. 
Although the sensitivity towards glucose could not be increased significantly using 
the SPE electrodes, it was noticed that steady state responses could be obtained much 
faster, after approximately 60 s, during CPA, which is beneficial for faster glucose 
analysis, current-time plots shown in Figures 3.24 and 3.25.  Using the modified GC 
electrodes, steady-state responses took approximately 1000 s, as discussed in Section 
3.2.6.  Sensitivity data and LODs for the modified SPEs are displayed in Table 3.5.  It 
can be seen that the sensitivities for glucose have increased by 20% and 15% using 
the modified SPEs with and without Nafion®, respectively, in comparison to the 
modified GC electrodes with and without Nafion®, data displayed in Table 3.3.   Also, 
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the resulting LODs obtained were below relevant physiological concentrations of 
glucose in the blood, which range from 4 – 8 mM 11. 
Table 3.5: Limits of detection and sensitivities towards the oxidation of glucose at the 
fMWCNT-Aunano(NaBH4) composite modified SPE electrode (DRP-150)  pre-treated in 
H2SO4 with and without the Nafion® membranes, n = 3. 
Without Nafion® With Nafion® 
LOD      
/ µM 
Sensitivity    
/A/mM 
Error                 
/ µA/mM 
LOD      
/ µM 
Sensitivity          
/ µA/mM 
Error           
/ µA/mM 
0.049 2.766 ± 0.1529 0.193 0.378 ± 0.0347 
 
3.2.9     Characterisation of All Composites and Composite Films 
3.2.9.1     Dispersion in Water 
It is difficult to disperse pristine MWCNTs in water due to their hydrophobic nature 
combined with Van der Waals interactions and π-π stacking interactions between the 
carbon nanotubes 19.  However, by functionalising their sidewalls with acidic polar 
functionalities using concentrated acid, their dispersal in water is improved.  Several 
different acids and acid combinations are used for the functionalisation of MWCNTs, 
of which HNO3 and H2SO4 are commonly used 
20-22. 
The photographic images shown in Figure 3.27, compare the dispersion of the 24 h 
fMWCNTs in deionised H2O with the pristine MWCNTs at a concentration of 2.0 
mg/ml.  In both cases the 24 h fMWCNTs and the pristine MWCNTs were 
ultrasonicated for 15 min. It is clear by eye that the fMWCNTs are considerably more 
dispersed in H2O in comparison to the pristine MWCNTs, with only a small proportion 
appearing aggregated.  These small aggregates may be due to the relatively 
concentrated dispersion used, of 2.0 mg/ml, which may be past the point of 
dispersibility for these particular fMWCNTs in H2O.   
Although these fMWCNTs are clearly dispersible in H2O without SDS, SDS is used 
in the synthetic procedures as it provides improved dispersal of CNTs 23.  The SDS 
molecule is composed of a hydrophobic hydrocarbon chain and a hydrophilic sulfate 
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head 23.  The hydrophobic chain interacts with the surface of the hydrophobic carbon 
nanotubes and the sulfate head associates with the water through ion-dipole 
interactions.  Once a sufficient number of SDS molecules are adsorbed on the surface 
of the CNTs, the binding energy between the CNTs and adjacent tubes can be 
overcome which aids in their separation and improves dispersal in solution 23.  
 
Figure 3.27: Dispersions of the 24 h fMWCNTs and pristine MWCNTs in deionised H2O 
at a concentration of 2.0 mg/ml. 
3.2.9.2     Potentiometric Acid-Base Titrations 
Titrations are commonly used to determine acid and base concentrations in the field 
of chemistry. The pH approach known as a potentiometric titration, has been 
frequently used for the determination of surface acidity of carbon nanotubes and can 
be termed a ‘Boehm Titration’ 22, 24-27.  In a potentiometric titration, the pH is plotted 
as a function of the acid (or base) volume added to the titration reaction and regions 
of sudden pH transitions, known as equivalence points (EPs), are easily observed.  
Using these titrations it was possible to work out the acidic surface group coverage on 
the fMWCNTs. 
As discussed in Chapter 2, Section 2.3.2.9, the 24 h fMWCNTs were firstly reacted 
with a standardised volume of 0.01 M NaOH for a period of time under nitrogen.  This 
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solution reacted with the acidic surface groups on the fMWCNTs and on the adsorbed 
polycyclic carbonaceous fragments (CFs) but an excess of unreacted NaOH remained 
in solution.  Having removed the CNTs by filtration, the remaining solution was 
titrated with the standardised 0.01 M HCl made in 0.10 M NaCl, thus yielding the 
excess unreacted concentration of NaOH in solution.  Using these data the surface 
acidic group coverage was calculated. 
Typical potentiometric titration curves for 24 h fMWCNTs (red) and the pristine 
MWCNTs (blue) are shown in Figure 3.28.  It is clear that only one equivalent point 
is present for the pristine MWCNTs and its position indicates that no acidic groups are 
present.  Although it is possible that this method is not sensitive enough to detect such 
a small difference in the concentration of the NaOH solution.  On the other hand, the 
results for the 24 h fMWCNTs are very different, and two equivalent points are clearly 
visible.  The EP at pH 8.0 results from the protonation of the remaining NaOH by HCl 
and is related to the total surface acidity of the fMWCNTs including that of the surface 
adsorbed CFs.  The second EP at pH 5.0 is related to the carboxylate salts of the CFs 
that are desorbed from the surface of the fMWCNTs during the reaction with 
NaOH 22, 28. 
The calculations, discussed below, are consistent with a total coverage of 4.92 ×10-6 
moles acidic groups / 1.0 mg fMWCNTs (4.92 µmols), while no acidic groups were 
detectable with the pristine MWCNTs.  The 0.01 M HCl (2.54 ml) was required to 
yield the first EP.  This corresponded to 2.54 × 10-5 moles of HCl, which is equivalent 
to the moles of NaOH remaining.  By subtracting this value from the initial NaOH 
concentration prior to the reaction with the fMWCNTs, the acidic group concentration 
was calculated to be 2.46 × 10-5/5 mg of fMWCNTs or 4.92 × 10-6 moles acidic 
groups/1.0 mg fMWCNTs.  Using this information, the % acidic group coverage of 
the fMWCNTs could be estimated.  Assuming that the molecular weight of carbon is 
12 g/mol, and using the calculated acidity and the moles of carbon present in 1.0 mg 
of MWCNTs, it was calculated that 6.0% of the fMWCNTs were functionalised with 
acidic groups.  This acidity is consistent with the good solubility of the fMWCNTs in 
the H2O and improved solubility in the SDS solution. 
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Figure 3.28: Potentiometric titrations of the — pristine MWCNTs and — 24 h fMWCNTs. 
3.2.9.3     Scanning Electron Microscopy and Energy Dispersive X-Ray 
Analysis 
Scanning Electron Microscopy (SEM) was employed to obtain information on the 
bulk composites and the resulting films formed on the GC electrodes.  Energy 
Dispersive X-Ray Analysis (EDX) was used for qualitative analysis and for 
quantitative elemental estimations.  EDX may not be an accurate quantitative 
technique in this work due to possible interference from the underlying substrate and 
the need for standards.  However, in this study EDX was used to estimate the Au 
loading, Table 3.6, and these estimates were compared with the data obtained using 
atomic absorption (AA) analysis, discussed in Section 3.2.9.6. 
In Figure 3.29, SEM micrographs and the corresponding EDX spectra of the pristine 
MWCNTs and the pristine MWCNT-Aunano(NaBH4) composite are shown.  It is 
evident from the micrographs that no detailed morphological information can be 
obtained at this magnification, due to the nanometer sized carbon nanotubes and 
AuNPs and due to the nature of the bulk sample.  However, it is evident that no micron-
sized Au particles or aggregates are present in the composites.  This suggests that the 
Au particles may be nanoparticulate.  From EDX analysis of the pristine MWCNTs, 
Figure 3.29 (a), it is clear that the material is composed mainly of carbon, estimated at 
98.72% wt. and a slight amount of oxygen at 1.28% wt., data shown in Table 3.6.  On 
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the other hand, the EDX analysis of this material with the addition of the Au particles 
shows peaks for Au, with the most prominent peak at 2.2 keV.  The positions of these 
peaks are consistent with those seen in the literature for metallic Au 29-33.  The Au 
composition is estimated at 1.61% wt., while the oxygen content is slightly lower at 
0.76% wt., shown in Table 3.6. 
 
 
Figure 3.29: SEM micrographs and corresponding EDX spectra of the (a) pristine 
MWCNTs and (b) pristine MWCNT-Aunano(NaBH4) composite. 
The SEM micrographs and EDX spectra of the 24 h fMWCNTs and the fMWCNT-
Aunano(NaBH4) and fMWCNT-Aunano(TriSodCit) composites, are shown in Figure 
3.30.  Quantitative EDX estimations are displayed in Table 3.6.  Again, the 
micrographs do not provide detailed morphological information due to the limitations 
with magnification and resolution at the bulk sample, although EDX analysis does 
provide interesting qualitative and quantitative information.  It is clear from EDX 
analysis that the 24 h fMWCNT material is estimated to have a much higher quantity 
of oxygen, at 8.59% wt., in comparison to 1.28% wt. obtained for the pristine 
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MWCNTs, Table 3.6.  Although these are only estimates, it appears that the reflux 
stage has introduced oxygen containing functionalities into this material.  The Au 
loading is also estimated at 2.86% wt., for the fMWCNT-Aunano(NaBH4) composite, 
and a higher loading of 6.49% wt. is estimated for the fMWCNT-Aunano(TriSodCit) 
composite. 
 
Figure 3.30: SEM micrographs and corresponding EDX spectra of (a) the 24 h fMWCNTs, 
the (b) fMWCNT-Aunano(NaBH4) and (c) fMWCNT-Aunano(TriSodCit) composites. 
 
(a) b(c) 
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Table 3.6: Elemental % Weight data obtained from EDX analysis for the pristine 
MWCNTs, fMWCNTs and the resulting composites. 
Materials and 
Composites 
C% wt. O% wt. Au% wt. 
Pristine MWCNTs 98.72 ± 0.14 1.28 ± 0.14 - - 
24 h fMWCNTs 91.41 ± 0.37 8.59 ± 0.37 - - 
Sodium Borohydride Reducing Agent 
Pristine MWCNT-
Aunano 
97.62 ± 0.71 0.76 ± 0.61 1.61 ± 0.37 
24 h fMWCNT-Aunano 88.08 ± 0.39 9.06 ± 0.37 2.86 ± 0.16 
Trisodium Citrate Reducing Agent 
24 h fMWCNT-Aunano 88.20 ± 0.64 5.31 ± 0.58 6.49 ± 0.36 
 
SEM analyses of the resulting composite modified films are shown in Figures 3.31 
(a – d).  Only films formed on a GC electrode are studied.  It can be seen in the lower 
magnification SEM micrographs, Figures 3.31 (a) and (c), of the fMWCNT-
Aunano(NaBH4) and fMWCNT-Aunano(TriSodCit) films that both show relatively good 
surface homogeneity.  This implies that even surfaces are created upon film formation 
and this homogeneity may have reduced errors during electrochemical analyses.  
Higher magnification micrographs of these films are shown in Figure 3.31 (b) and (d).  
At this magnification, bundles of the carbon nanotubes can be seen although there is 
no clear evidence of AuNPs on their surfaces.  This was due to the limitations in the 
resolution and magnification of the SEM used.  Further analysis using TEM was 
undertaken. 
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Figure 3.31: Low and high magnification SEM micrographs of the optimised (a) and (b) 
fMWCNT-Aunano(NaBH4) and (c) and (d) fMWCNT-Aunano(TriSodCit) composite films 
formed on a GC electrode (d =3 mm). 
3.2.9.4     Transmission Electron Microscopy 
As SEM analysis could not yield information on AuNP size and distribution, 
Transmission Electron Microscopy (TEM) was employed.  All samples were loaded 
onto 400 mesh Cu grids, with a holey carbon backing, from dispersions in ethanol.  
TEM micrographs are shown in Figures 3.32, (a – c) for the fMWCNT-Aunano(NaBH4) 
composite, while the diameter size distribution of the AuNPs is shown in Figure 
3.32 (d).  As seen in the high-resolution TEM (HRTEM) micrograph in Figure 
3.32 (a), some material aggregation occurred upon sample loading onto the TEM grids 
which is expected during solvent evaporation and due to the solubility issues of the 
material in ethanol.  It is evident from these data that the AuNPs do not appear to be 
evenly dispersed along the entirety of the CNTs, but nonetheless they all appear to 
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exist in the nanoscale region with the majority being below 10 nm in diameter.  Also, 
the individual graphene layers of the carbon nanotubes can be visualized, as seen in 
the HRTEM shown in Figure 3.32 (c).  This mode is ideal for atomic-scale imaging 
and visualisation of lattice fringes, which are representations of interatomic spacings. 
These can be used to provide useful crystallographic information when the distances 
between the fringes are measured 34, 35.   
The size distribution histogram, presented in Figure 3.32 (d), shows the size 
distribution of the AuNPs on the surface of the fMWCNTs.  The AuNPs range in 
diameter from 5.5 to 12.5 nm, with a mode diameter of 7.5 nm.  This statistical analysis 
was conducted on 100 random AuNPs using IMAGE J software.  The fMWCNTs 
themselves ranged from 15 to 20 nm in diameter and contained a degree of surface 
roughness which may represent the defect sites produced during the harsh 
functionalisation process 36, 37.  The caption for the following micrographs is displayed 
on page 111. 
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Figure 3.32: (a), (b) and (c) TEM micrographs of the fMWCNT-Aunano(NaBH4) composite 
with (d) the corresponding AuNP size distribution histogram where 100 surface AuNPs 
were analysed. 
To undertake EDX analysis of this material, scanning transmission electron 
microscopy (STEM) mode was used as it is ideal for the focusing of higher electron 
beam currents on very narrow spots and as such is useful for EDX of nanomaterials 38.  
In the STEM micrograph, Figure 3.33, small red boxes labeled 1 and 2 are shown, 
which correspond to the areas selected for EDX analysis of a randomly selected AuNP 
and a fMWCNT, respectively.  The resulting EDX spectra (1) and (2) are shown in 
Figure 3.33.  The spectrum corresponding to the AuNP shows that Au is indeed present 
and that of the fMWCNT has a large carbon signal.  Copper and silicon are also evident 
during analysis but these can be explained by the presence of the copper TEM grid 
and other internal interferences.   
Chapter 3 
 
112 
 
 
Figure 3.33: STEM micrograph of the fMWCNT-Aunano(NaBH4) composite and the 
corresponding EDX spectra of a surface attached AuNP (1) and a fMWCNT (2), both 
randomly selected. 
TEM micrographs of the fMWCNT-Aunano(TriSodCit) composite are shown in Figure 
3.34 (a), (b) and (c) and the corresponding histogram of the AuNP size distribution is 
shown in Figure 3.34 (d).  Again, these data are obtained using a statistical analysis 
on 100 random AuNPs using IMAGE J software. As with the previous composite, it 
seems as if some sample aggregation occurs during the preparation of the TEM sample 
grid and this is prominent with the AuNPs.  The AuNPs appear much larger than those 
produced using NaBH4, with a mode diameter of 23 and 24 nm, as seen in Figure 
3.34 (d). 
The micrograph presented in Figure 3.34 (c), is a high magnification micrograph of a 
large AuNP taken in HRTEM mode which shows good resolution of the lattice fringes.  
By measuring the distance between these fringes, the inter-atomic spacing between 
the parallel lines of Au atoms is determined as 2.35 Å, which corresponds to the (111) 
plane of crystalline Au 39-44.  The caption for the following micrographs is shown on 
page 114. 
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Figure 3.34: (a), (b) and (c) TEM micrographs of the fMWCNT-Aunano(TriSodCit) 
composite with (d) the corresponding AuNP size distribution histogram where 100 surface 
AuNPs were analysed.  Figure (c) shows the inter-atomic spacings of the AuNPs. 
 
 
 
(a) 
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3.2.9.5     X-Ray Diffraction Spectroscopy 
X-Ray Diffraction Spectroscopy (XRD) is a non-destructive technique which is useful 
for determining crystallographic information of a material, including its various 
crystal planes, inter-atomic spacings and crystal structure 45. With this technique, an 
incident X-Ray beam is focussed on the material in question and the angles of 
diffraction, 2θ, from the angles of incidence are measured.  These angles of diffraction 
are related to the various crystal faces within the sample and are plotted on the x-axis 
of the X-Ray spectra with intensity plotted on the y-axis 45. 
In Figure 3.35, the XRD spectrum of the fMWCNT-Aunano(NaBH4) composite is 
shown.  The characteristic crystalline planes of Au present in the AuNPs are evident, 
along with planes corresponding to the fMWCNTs. The XRD spectrum displays 
(002), (101) and (004) planes corresponding to the carbon nanotubes and the (111), 
(200), (220), (311) and (222) planes corresponding to the AuNPs39, 46-48. It is clear that 
the peak corresponding to the (111) plane of Au, at 2θ = 38.23°, is the most abundant 
orientation of Au in these AuNPs.  This peak is associated with an interatomic d-
spacing of 2.353 Å.  In Figure, 3.36, the XRD spectrum of the fMWCNT-
Aunano(TriSodCit) composite is shown.  This spectrum appears very similar to that 
shown in Figure 3.35, with the (111) plane of Au again being the most prominent.  
This (111) plane occurs at 2θ = 38.21° with an interatomic d-spacing of 2.35 Å.  These 
data correspond very well to the d-spacing of 2.35 Å measured using HRTEM, Section 
3.34, Figure 3.34 (d). 
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Figure 3.35: XRD spectrum of the fMWCNT-Aunano(NaBH4) composite. 
 
Figure 3.36: XRD spectrum of the fMWCNT-Aunano(TriSodCit) composite. 
The sizes of the AuNPs in both composites were estimated by using the Scherrer 
equation, Equation 3.2, in which D equals the average diameter of a spherical particle, 
B is the full width at half maximum of the most intense reflection - expressed in 
radians, θ is the position of this peak, λ is the wavelength and 0.89 is a Scherrer 
constant 49.   
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𝐷 =
0.89𝜆
𝐵𝑐𝑜𝑠𝜃
 
3.2 
For estimation of the AuNP sizes in the fMWCNT-Aunano composites, the following 
values of 38.23° and 38.21° for 2θ were used for the NaBH4 and TriSodCit-produced 
composites, respectively. These values correspond to the most intense, (111), 
reflections of the AuNPs.  The values of B for both were also calculated using these 
peaks and the wavelength, λ, used was the K alpha value of 1.5418 Å.  It was found 
that the AuNPs of the fMWCNT-Aunano(NaBH4) composite had an average particle size 
of 7.92 nm, which agrees very well with that of 7.5 nm obtained from TEM, Section 
3.2.9.4, and those of the fMWCNT-Aunano(TriSodCit) composite had a larger estimated 
diameter of 20.29 nm, which also was close to the values of 23 and 24 nm obtained 
from TEM, Section 3.2.9.4.   
3.2.9.6     Atomic Absorption Spectroscopy 
In order to quantify the amount of Au present in the material as a percentage of the 
composite firstly Au was extracted from the surface of the fMWCNTs using a 
concentrated acid treatment and converted back into the original HAuCl4 salt using an 
Au extraction method which is discussed in Chapter 2, Section 2.3.2.4.  This method 
utilised aqua regia to yield a yellow-coloured HAuCl4 which was then isolated in 0.10 
M HCl.  Atomic absorption spectroscopy (AAS) equipped with a flame atomiser was 
used.  All standard solutions for the calibration curves were produced from a 
commercial Au standard stock solution of 1000 ppm, which consisted of 1.0 mg/ml of 
pure Au in 10.0 to 20.0% HCl.  Standard solutions of 2.0, 5.0, 10.0 and 20.0 ppm were 
prepared in 0.10 M HCl to yield a linear calibration curve with a high correlation 
coefficient of 0.9944, shown in Figure 3.37.  Having produced this calibration curve, 
its accuracy was checked using the same standard solutions.  Once the errors in these 
test quantifications were negligible, sample analysis was undertaken.  The 
concentration of Au in ppm was determined using this curve and the Au% wt. in the 
samples was calculated.  These data are summarised in the table shown in Figure 3.37 
inset.  Again it is clear that higher loadings of Au are present in the fMWCNT-
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Aunano(TriSodCit) composite.  These loadings compare well with the values obtained 
using EDX analysis. 
 
Figure 3.37: Calibration curve of the Au standard solutions with absorbance plotted as a 
function of the Au concentration in ppm. 
3.2.9.7     Ultraviolet-Visible Spectroscopy 
The Ultraviolet-Visible (UV-Vis) spectrum of the 24 h fMWCNTs, solubilised in 
1.0% SDS, is shown in Figure 3.38.  It is clear that only one absorbance band is present 
at 252 nm, which can be attributed to carbon nanotubes 40, 50.  It would be expected 
when the AuNPs are introduced onto the fMWCNT surface that a second absorbance 
band would appear in the 500 nm region, due to surface plasmon resonance of the 
AuNPs and this wavelength position can be associated with their size 39, 46, 47, 51, 52.  
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Figure 3.38: UV-Visible spectrum of the 24 h fMWCNTs dispersed in a 1.0% SDS solution. 
Figure 3.39, shows the UV-Vis spectrum of the fMWCNT-Aunano(NaBH4) composite 
dispersed in SDS.  Two bands appear at 263 nm and at 519 nm, which can be assigned 
to the fMWCNTs and the AuNPs on their surface, respectively.  The latter band at 519 
nm is very small which may be related to a low concentration of AuNPs or by peak 
masking by the strong background absorption of the fMWCNTs.  It is evident that the 
π plasmon absorbance band of the fMWCNTs has red-shifted by 11 nm and this may 
be due to the π-π binding interactions between the AuNPs and the fMWCNTs 53.  For 
comparison, AuNPs produced by this same procedure were synthesised in the absence 
of any fMWCNTs.  The absorbance spectrum for this is shown in Figure 3.39 inset, 
and shows a similar band at 525 nm.  This may imply that the AuNPs, formed both in 
the absence and presence of fMWCNTs in this particular synthesis, are a different size. 
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Figure 3.39: UV-Visible spectra of fMWCNT-Aunano(NaBH4) composite dispersed 
in a 1.0% SDS solution and the AuNPs synthesised in the absence of fMWCNTs, 
inset. 
Similar data are shown for the fMWCNT-Aunano(TriSodCit) composite, Figure 3.40.  
Again two bands appear, but that of the AuNPs occurs at the higher wavelength of 535 
nm and is much larger in intensity in comparison to that of the previous material, 
Figure 3.39.  This is possibly due to a higher concentration of AuNPs and a difference 
in size of the AuNPs.  Also, this absorbance band appears relatively broad in 
comparison to that of the previous material.  Absorbance band broadening can indicate 
a larger size distribution of the AuNPs 54 and this correlates well with the size 
distribution histogram shown previously in Section 3.2.9.4, Figure 3.34 (c).  The UV-
Vis spectrum of the AuNPs formed in the absence of fMWCNTs, which is presented 
in the inset in Figure 3.40, shows a lower absorbance wavelength of 525 nm.  Since 
the wavelength is proportional to the size of the AuNPs, it may be assumed that the 
AuNPs formed without the fMWCNTs present are of a different size.   
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Figure 3.40: UV-Visible spectra of the fMWCNT-Aunano(TriSodCit) dispersed in a 1.0% 
SDS solution and the AuNPs synthesised in the absence of fMWCNTs, inset. 
3.2.9.8     Fourier Transform-Infrared Spectroscopy 
Fourier Transform-Infrared spectroscopy (FT-IR) was used to obtain additional 
qualitative information on the pristine MWCNTs and the 24 h fMWCNTs.  The FT-
IR, spectra of these are shown in Figure 3.41.  A small peak at 1725 cm-1 observed 
only with the fMWCNTs can be attributed to the C=O stretching of the surface covered 
COOH groups 21, 55-57.  This peak is not present with the pristine MWCNTs.  Only a 
section of the spectra are shown for easier visualisation of the C=O stretching peak.  
A large peak at around 3400 cm-1 was seen in all spectra, attributed to OH stretching 
21, 55-57, although this has been ascribed mainly to the presence of water in the samples 
and is not shown in the spectra displayed. 
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Figure 3.41: FT-IR spectra of the — pristine MWCNTs and —  24 h fMWCNTs in KBr. 
3.2.9.9     Raman Spectroscopy 
Raman spectroscopy is a very useful tool for the characterisation of carbon nanotubes.  
Typically two main bands appear and these are named the disorder band (D band) and 
the graphitic band (G band). The G band is a C-C stretching vibration within the 
hexagonal sp2 hybridised graphitic rings and the D band is a C-C breathing vibration 
of these graphitic rings in the presence of symmetry containing defects.  An increase 
in the D band relative to the G band can represent structural damage induced to the 
surface of the nanotube which may occur upon acid reflux due to the introduction of 
carbonyl containing functional groups 12, 51, 56-59.  This damage can also result in the 
presence of another disorder induced band, named D’,  which appears at a higher 
frequency and on the side of the G band and is proportional to the acid reflux time 58. 
The Raman spectra of the pristine MWCNTs and the 24 h fMWCNTs are shown and 
compared in Figure 3.42.  The D band appears at 1316 cm-1, the G band at                          
1574 cm-1 and D’ band at 1602 cm-1 for the pristine MWCNTs and at lower values of 
1312 cm-1, 1568 cm-1 and 1595 cm-1 for the 24 h fMWCNTs.  In comparison to the 
pristine MWCNTs, all bands of the fMWCNTs have red-shifted slightly to lower 
wavenumbers. 
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It is expected that with the pristine MWCNTs, the G band would be more intense than 
the D band, but this is not the case.  This suggests that the pristine MWCNTs had a 
degree of surface damage, possibly resulting from the manufacturing process.  This 
damage is only detectable using Raman spectroscopy and not with FT-IR or during 
the potentiometric titrations.  The D:G ratio of the pristine MWCNTs was 1.9:1.0 
however this ratio does increase upon acid reflux.  Upon reflux for 24 h, the D:G ratio 
increases to 2.5:1.0, which represents an increase in the D band of 30%.  This is 
consistent with the acidic surface functionalities, introduced during the reflux in 
HNO3.  
 
Figure 3.42: Raman spectra of the — pristine MWCNTs and — the 24 h fMWCNTs 
in KBr. 
In Figure 3.43, the Raman spectra for the pristine MWCNTs and the pristine 
MWCNT-Aunano(NaBH4) composites are shown.  A slight increase in the G and D 
band intensities is observed with the MWCNT-Aunano(NaBH4) composite, in 
comparison to the MWCNT sample containing no AuNPs.  This increase in intensity 
may be due to a surface enhanced Raman scattering effect (SERs), that occurs when 
AuNPs are present on the nanotubes.  With SERs, the Raman scattering intensity is 
enhanced due to the electric field created at the AuNPs surfaces 12, 60, 61.  Overall there 
is an increase of around 10% for all bands and this can be attributed to this SERs effect.  
The Raman spectra of the 24 h fMWCNTs and the fMWCNT-Aunano(NaBH4) 
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composite are shown in Figure 3.44.  Since the fMWCNT-Aunano(NaBH4) composite 
contained a higher proportion of Au, at 2.0% wt., it was expected that the SERs effect 
would be more intense.  This is indeed the case, and both bands increase by about 
20%, as shown in Figure 3.44.  The peaks for the D, G and D’ band appear at 1314 
cm-1, 1570 cm-1 and 1600 cm-1, respectively, which also indicate a slight red-shift in 
comparison with the pristine MWCNTs. 
As sodium dodecyl sulfate (SDS) was present during the syntheses of the composite 
materials, a Raman spectrum of SDS was recorded and this is shown in Figure 3.45.  
On comparing this spectrum with the data recorded with the pristine MWCNT-
Aunano(NaBH4) and the fMWCNT-Aunano(NaBH4) samples, it is clear that there is no 
evidence of the SDS in the composites and it can be concluded that it is entirely 
removed during the sample filtration, in good agreement with the EDX results, Section 
3.2.9.3. 
 
Figure 3.43: Raman spectra of the  — pristine MWCNTs and the — MWCNT-
Aunano(NaBH4) composite in KBr. 
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Figure 3.44: Raman spectra of — the 24 h fMWCNTs and — the fMWCNT-
Aunano(NaBH4) composite in KBr.  
 
Figure 3.45: Raman spectra of — SDS in KBr and — a blank KBr disk. 
3.2.9.10     Scan Rate and Gold Surface Area Analyses 
As shown in previous sections, the various fMWCNT-Aunano composite films exhibit 
different sensitivities towards glucose.  It is also evident that sensitivity can be 
improved with H2SO4 cycling.  These improvements in glucose sensing may 
correspond to an increased amount of the exposed Au and an increase in the 
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electroactive surface areas (ESA) of the films.  The ESA represents the area that 
effectively transfers the charge of the species in solution 62 and these for each film 
may be estimated from the slope of the Randles-Sevcik relationship described by 
Equation 3.3.  In this equation, n is the number of electrons, v is the scan rate, D is the 
diffusion coefficient, A the area of the electrode and C is the concentration 63-65. 
𝑖𝑝 = 2.68 × 10
5𝑛
3
2𝐴𝐷
1
2𝐶𝑣
1
2 
3.3 
 
Firstly, the diffusion coefficient of ferrocyanide was calculated at a GC electrode (d = 
3 mm) using a 1.0 mM potassium ferrocyanide solution made in a 0.10 M KCl 
electrolyte. Experimental details and parameters are discussed in Chapter 2, Section 
2.2.11.  It is observed that the redox peaks increased linearly with the square root of 
the scan  rate, as shown in Figure 3.46 (b), with a correlation coefficient of 0.9985 
which signified a semi-infinite diffusion-controlled (SID) kinetic process rather than 
a surface-controlled, adsorption process 64, 65.  To create this linear plot, the peak 
currents were measured at each scan rate.  Peak currents were measured from a manual 
background correction extending from the base of the peak to the peak current.  
Measurements taken from this theoretical line or from a background voltammogram 
in the 0.10 M KCl electrolyte provided very similar results.  The surface area of the 3 
mm GC electrode (0.0706 cm2) was used and the slope of the linear plot, given in 
Equation 3.4, was used to obtain the diffusion coefficient of ferrocyanide.  The 
diffusion coefficient of ferrocyanide was calculated as 6.10 × 10-6 cm2 s-1 which is 
close to that of 6.30 x 10-6 cm2 s-1, measured in KCl, reported by Morrin et al.66. 
Slope = 2.68 × 105𝑛
3
2𝐷
1
2𝐶𝐴 
3.4 
Having determined the diffusion coefficient of ferrocyanide, it was hoped that the 
estimated ESAs of the various materials following their pre-treatments could be 
calculated.  Each material was cycled at various scan rates in 0.10 M KCl containing 
1.0 mM potassium ferrocyanide, and the peak currents were plotted as a function of 
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the square root of the scan rate.   The slope values obtained from the best fit plots may 
then be used with the diffusion coefficient of ferrocyanide to calculate the area A, 
Equation 3.4.  This analysis was conducted for films produced both on a GC electrode 
and the carbon SPE (DRP-150).  For clarity, the CVs and current plots shown 
correspond to the pristine MWCNT-Aunano(NaBH4) and fMWCNT-Aunano(NaBH4) 
modified GC electrodes and data for the remaining modified GC electrode and SPEs 
are listed in Tables 3.7 and 3.8, respectively. 
 
 
Figure 3.46: (a) Cyclic voltammograms of a polished GC electrode (d =3 mm) cycled in a 
1.0 mM ferrocyanide solution made in 0.1 M KCl at scan rates of 10, 25, 50, 75, 100, 125, 
150, 175 and 200 mV s-1, and (b) corresponding plot of peak current plotted as a function of 
the square root of the scan rate, n = 3. 
 
 
Scan Rate / √Vs-1 
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The CVs recorded for the pristine MWCNT-Aunano(NaBH4) and the fMWCNT-
Aunano(NaBH4)  composite modified GC electrodes following a pre-treatment in 1.0 M 
H2SO4 are shown in Figure 3.47 (a) and (b).  The voltammograms recorded for the 
pristine MWCNT-Aunano(NaBH4) composite are similar to that obtained with the GC 
electrode.  In contrast, the voltammograms recorded for the fMWCNT-Aunano(NaBH4) 
composite films show relatively high overall capacitance.  The corresponding plots, 
for the peak currents plotted as a function of the square root of scan rate, are shown in 
Figure 3.47 (c).  Again, high correlation values of 0.9962 and 0.9832 for the MWCNT-
Aunano(NaBH4) material and the optimised fMWCNT-Aunano(NaBH4) film are 
obtained, respectively.  These values both imply a SID electrochemical process, as 
discussed previously.  Although a slight deviation in linearity is observed in the plot 
of the optimised fMWCNT-Aunano(NaBH4) composite film. 
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Figure 3.47: Cyclic voltammograms of the (a) pristine MWCNT-Aunano(NaBH4) composite 
made using 5.0 µl of the 2.0 mg/ml dispersion, the (b) optimised fMWCNT-Aunano(NaBH4) 
film formed using 5.0 µl of the 4.0 mg/ml dispersion cycled in 1.0 mM ferrocyanide made 
in 0.1 M KCl at  scan rates of 10, 25, 50, 75, 100, 125, 150, 175 and 200 mV s-1 and (c) plot 
of the peak currents as a function of the square root of the scan rate, n = 3. 
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Another way to determine a SID or adsorption controlled process is to plot the 
logarithm of the peak current as a function of the logarithm of the scan rate.  A slope 
value close to 0.5 represents a SID process and when closer to a value of 1 this 
represents an adsorption-controlled process 67.  These logarithmic plots and the 
Randles-Sevcik plots were prepared for each composite film and pre-treatment and 
these data are summarised in Table 3.7.  It is apparent that the redox process of 
ferrocyanide appears to deviate to higher values than 0.5.  Similar results are discussed 
in work by Lu et al. 68, in which larger slopes of around 0.65 are obtained when using 
a similarly-natured porous carbon electrode.  It was concluded that this deviation from 
the theoretical value of 0.5 is due to the electrode not being of a smooth planar type, 
although they still accepted that SID was occurring. 
Figures 3.48 (a), shows plots obtained for a film produced with the pristine MWCNT-
Aunano(NaBH4) composite and the optimised fMWCNT-Aunano(NaBH4) modifed GC 
electrode.  The slope value resulting from the pristine MWCNT-Aunano(NaBH4) 
composite almost agrees with a SID process and as such may possibly be suitable for 
ESA estimations, although that of the other film shows a higher value.  The optimised 
fMWCNT-Aunano(NaBH4) composite yielded a slope of 0.84, which deviates far from 
the ideal value.  To add to this finding, a plot of the current versus the scan rate 
‘absorption plot’ is constructed for the optimised composite film, Figure 3.48 (b).  This 
adsorption plot also yields a linear relationship as with the diffusion plot, both having 
high correlation values.  Similar trends occurred at all other composite films although 
the fMWCNT-Aunano(TriSodCit) composite films result in slightly lower slope values, 
shown in Table 3.7. 
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Figure 3.48:  Plots of the logarithm of the peak current as a function of the logarithm of the 
scan rate for the films produced with the (a) pristine MWCNT-Aunano(NaBH4) composite 
(blue points) and the optimised fMWCNT-Aunano(NaBH4) composite (red points), n = 3 and 
(b) the plot of the peak currents as a function of the scan rate at the fMWCNT-Aunano(NaBH4) 
composite film, n = 3. 
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Overall it seems as if a process other than SID is contributing to the redox current 
responses at the composite films.  These deviations in slope values suggest that thin 
layer diffusion (TLD) occurs, which is in keeping with previous studies with carbon 
nanotubes and other porous systems 69-74.  It is also evident that these deviations are 
more significant when film thickness is increased using the 4.0 mg/ml dispersions.  
Indeed, work by Sims et al. 70 with MWCNT films shows that the effects of TLD are 
most prominent when the film thickness is increased. 
TLD can occur in carbon nanotube films like those used in this work, due to the porous 
nature of the casted films.  With TLD, pockets of the analyte-containing solution 
diffuse inside the porous layers of film, thereby contributing to the current 
responses 70.  Also, the presence of TLD may indicate that the active surface area of 
the film may not remain constant during scan rate changes 69.  Due to the effects of 
TLD and the possibility of film surface area changes over scan rates, it was concluded 
that total ESA measurements were not possible using Randles-Sevcik analysis at the 
carbon nanotube-containing films. 
Below, in Table 3.7, the correlation coefficients (R2 values) obtained from the 
diffusion plots are listed for each composite modified GC electrode, as well as the 
slope values obtained from the log-log adsorption plots.  R2 values close to 1 represent 
a SID controlled process and slope values close to 0.5, from the log plot, also indicate 
a SID process. 
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When this experimental analysis was applied to the modified SPE system, a very 
similar trend was observed.  Linearity in the ‘diffusion plots’ was seen but high 
gradient values close to 1 were obtained in the ‘log-log’ plot, data shown in Table 3.8.  
Table 3.7: Table of the correlation coefficients, R2 values, obtained from the plots of peak 
current versus the square root of scan rate and slope values from the log of peak current versus 
log of scan rate for all composite films. 
Composite Film and Pre-
treatment 
R2 Values of 
Diffusion Plots 
Slope Values of 
Log Plots 
Diffusion 
Processes 
Sodium Borohydride Reducing Agent 
 (2.0 mg/ml) 
0 h MWCNT-Aunano 0.9969 0.5586 SID + TLD 
18 h fMWCNT-Aunano 0.9966 0.5670 SID + TLD 
24 h fMWCNT-Aunano 0.9914 0.6262 SID + TLD 
48 h fMWCNT-Aunano 0.9980 0.5964 SID + TLD 
(4.0 mg/ml) 
24 h fMWCNT-Aunano 0.9927 0.6244 SID + TLD 
24 h fMWCNT-Aunano  
+ 0.5 M H2SO4 
0.9841 0.8023 SID + TLD 
24 h fMWCNT-Aunano  
+ 1.0 M H2SO4 
0.9833 0.8408 SID + TLD 
Trisodium Citrate Reducing Agent 
(4.0 mg/ml) 
24 h fMWCNT-Aunano 0.9949 0.6864 SID + TLD 
24 h fMWCNT-Aunano  
+ 0.5 M H2SO4 
0.9851 0.6986 SID + TLD 
24 h fMWCNT-Aunano  
+ 1.0 M H2SO4 
0.9686 0.7886 SID + TLD 
24 h fMWCNT 
 (4.0 mg/ml) 
24h fMWCNT 0.9944 0.6532 SID + TLD 
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Again this implies that another process is occurring at the electrode surface, other than 
SID and is most probably TLD.  The effects of TLD may be slightly more significant 
at this composite modified SPE as a higher slope of 0.9000 is achieved.  This may be 
a result of the porous nature of the SPE surface along with a possibly thicker composite 
film formed. 
Additional kinetic information was extracted from the Randles-Sevcik plots. In this 
case, the redox peak separations (ΔE) of ferrocyanide as a function of scan rate were 
measured for the various materials and these are plotted as bar charts in Figures 3.49, 
3.50 and 3.51 for the modified GC films and in Figure 3.52 for the modified SPEs 
(DRP-150).  The peak separations were obtained using Equation 3.5, where, Ea is the 
peak potential of the oxidation wave, Ec is the peak potential of the reduction peak 
and n is the number of electrons transferred in the redox process75.  ΔE can provide 
interesting information on the rate of the electron transfer at electrodes when the 
system is under SID control, values of 59 mV/n signify a reversible redox couple, 
which is a fast electron transfer process 76.  Values higher than this represent a quasi-
reversible process, which is a slower process 67, 75. 
∆E = 𝐸𝑎 − 𝐸𝑐 =  
59 mV
𝑛
 3.5 
 
Since TLD was occurring at the modified films the peak separation information 
obtained was not related to the SID model, although ΔE can still be calculated at 
each film.  In work by Keeley and Lyons 69 and Streeter et al. 74 it is suggested that 
the SID model may not be used when systems are effected by TLD.  Also, 
Table 3.8: Table of the correlation coefficients, R2 values, obtained from the diffusion plots 
of the peak current versus the square root of scan rate and slope values from the plots of the 
log of peak current versus log of scan rate for the composite modified SPE (DRP-150). 
Composite Film and Pre-
treatment 
R2 Values of 
Diffusion Plots 
Slope Values of 
Log Plots 
Diffusion 
Processes 
fMWCNT-Aunano(NaBH4)        
+ 1.0 M H2SO4 
0.9647 0.9000 SID + TLD 
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comparisons in ΔE can only be undertaken when the mass transport regime at each 
of the electrochemical films is the same 74.  Since the effects of TLD varied at each 
composite film, it was not deemed accurate to compare values of ΔE between the 
films, unless the effects of TLD were very similar.  The slope values obtained from 
the ‘log-log’ plots can provide an indication of the level of TLD occurring at each 
film.  
It can be seen in the following data displayed from Figures 3.49 – 3.52, that ΔE 
varies between each material and treatment.  The smallest ΔE values are obtained at 
the GC electrode, Figure 3.49.  These values may be compared with the theoretical 
value of 59 mV associated with a system under SID control, as previous studies in 
this section suggested that SID was occurring at GC.  The peak separations obtained 
at the pristine MWCNT-Aunano(NaBH4) composite film are much larger than those 
obtained at the GC electrode.  The values for ΔE obtained at these films may be 
compared, as SID is also deemed to be the main process occurring at the MWCNT-
Aunano(NaBH4) film, due to the slope value of 0.5586 obtained from the ‘log-log’ 
plot, data shown in Table 3.7.  As such, it can be said that slower electron transfer 
is occurring at the MWCNT-Aunano(NaBH4) film in comparison to the GC electrode.  
In work by Beguin and Frackowiak 68, involving the use of porous carbon 
electrodes, the redox processes were still considered to be under SID control even 
when slope values, from the ‘log-log’ plots, deviated as high as 0.65. 
Peak separation data obtained at the 18 h fMWCNT-Aunano(NaBH4) film may also 
be compared with both the GC and MWCNT-Aunano(NaBH4) films, as a similar 
slope of 0.5670, was obtained from the ‘log-log’ plot, data shown in Table 3.7.  The 
values of ΔE are much smaller for the 18 h fMWCNT-Aunano(NaBH4) film, in 
comparison to those obtained at the MWCNT-Aunano(NaBH4) film and, as such, it 
may be concluded that faster electron transfer is occurring at the 18 h fMWCNT-
Aunano(NaBH4) film.  Studies by Ramesh and Sampath 
77 show that the 
oxygen/carbon ratio of rough graphitic materials is related to the electrochemical 
kinetics and that materials with a high oxygen/carbon ratio show an increase in these 
kinetics.  Since 18 h fMWCNTs are used to produce the 18 h fMWCNT-
Aunano(NaBH4) composite, their oxygen/carbon ratio is higher than that of the 
Chapter 3 
 
136 
 
pristine MWCNTs and this is consistent with the faster kinetics observed at this 
composite film. 
Peak separation values calculated at the various fMWCNT-Aunano composite films, 
with and without H2SO4 pre-treatments, shown in Figures 3.50 – 3.52, are similar 
and all are increasing with scan rate.  Although, as discussed previously, the effects 
of TLD differed at each of these films and, as such, the results may not be 
comparable.   
Two films that may be compared are the optimised 24 h fMWCNT-Aunano(NaBH4) 
modified GC electrode and SPE.  This is due to the slope values obtained from the 
‘log-log’ plots having similar values of 0.8408 and 0.9000 for the modified GC 
electrode and SPE, respectively, data displayed in Table 3.7.  Much slower electron 
transfer is observed at the modified SPEs and it is possibly these kinetic limitations 
that may explain the lower-than-expected glucose currents observed at these 
modified SPEs, data shown in Section 3.2.8. 
Overall it is observed that larger peak separations occur at the composite modified 
electrodes in comparison to the GC electrode.  Although these may not be compared, 
this was not expected due to the effects of TLD at these films which typically results 
in a decrease in peak separations 69.  In a study by Keeley and Lyons 69, involving 
the formation CNT films by drop cast methods, it was discussed that some of the 
solvent used in the drop cast dispersion remained in the CNT sensing film and that 
this increased the values of ΔE during scan rate studies involving ferrocyanide.  
Although much of the SDS was removed during NaOH cycling, it may be possible 
that some SDS was remaining in the sensing films and that this was increasing these 
peak separations. 
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Figure 3.49: Plot of the ferrocyanide redox peak separations, ΔE, as a function of the scan 
rate for the — polished GC electrode, — pristine MWCNT-Aunano(NaBH4) composite, — 
18 h fMWCNT-Aunano(NaBH4), — 24 h fMWCNT-Aunano(NaBH4) and — 48 h fMWCNT-
Aunano(NaBH4) composite films, produced on a GC electrode using 5.0 µl of the 2.0 mg/ml 
dispersions. 
 
Figure 3.50: Plots of the ferrocyanide redox peak separation, ΔE, as a function of the scan 
rate for the — 24 h fMWCNT and fMWCNT-Aunano(NaBH4) films, on a GC electrode using 
5.0 µl of the 4.0 mg/ml dispersions with —  no H2SO4, — the 0.5 M H2SO4 and —1.0 M 
H2SO4 pre-treatments.   
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Figure 3.51: Plots of the ferrocyanide redox peak separation, ΔE, as a function of the scan 
rate for the — 24 h fMWCNT and fMWCNT-Aunano(TriSodCit) films, on a GC electrode 
using 5.0 µl of the 4.0 mg/ml dispersions with —  no H2SO4, — the 0.5 M H2SO4 and —
1.0 M H2SO4 pre-treatments.   
 
Figure 3.52: Plots of the ferrocyanide redox peak separation, ΔE, as a function of the scan 
rate for the 1.0 M H2SO4 pre-treated fMWCNT-Aunano(NaBH4) composite films, on a — 
GC electrode using 5.0 µl of the 4.0 mg/ml dispersion and on a — SPE using 10.0 µl of the 
4.0 mg/ml dispersion. 
Due to the effects of TLD it was not deemed accurate to estimate the total ESAs of the 
composite films using the Randle-Sevcik equation.  Although using a different 
method, it was possible to estimate the collective surface areas of the AuNPs within 
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the prepared films.  This was achieved by cycling the films in a 0.5 M H2SO4 solution 
using CV and by measuring the charge under the characteristic Au oxide reduction 
peak, which appears at around 0.90 V vs. SCE 78-80.  This peak results from the Au 
oxide layer formed at more positive potentials in the forward scan.  It can be assumed 
that a value of 450 µC/cm2 exists for the Au oxide reduction at 0.90 V vs. SCE and as 
such, data can be used comparatively 78. The intensity of this peak is proportional to 
the surface area of Au present and this area can be estimated by comparing the charge 
under these peaks with those obtained from Au electrodes of known surface areas 80. 
In Figure 3.53, a CV of a 3 mm (0.0706 cm2) Au electrode cycled in 0.5 M H2SO4 for 
11 cycles is presented.  Prior to the experiment, the electrode was polished to a mirror 
finish with a 0.5 µm aluminium oxide paste and then sonicated in a 50:50 volume 
absolute ethanol:deionised water mixture for 10 min.  A voltammogram recorded of a 
polished GC electrode of the same surface area which was subjected to the H2SO4 
cycling is shown in Figure 3.53, inset.  It is clear that only an oxide reduction peak is 
present at around 0.90 V vs. SCE for the Au electrode.  The charge under the reduction 
peak is plotted for the various Au electrodes as a function of their geometrical areas 
and a linear calibration curve is generated, as shown in Figure 3.54.  The composite 
films were subjected to the same H2SO4 cycling and the charges under the Au oxide 
reduction peaks were compared with this calibration curve.  
 
Figure 3.53: Cyclic voltammograms recorded at 100 mV s-1 of a polished Au (d = 3 mm) 
and a GC (d = 3 mm) electrode, inset, in a 0.5 M H2SO4 solution. 
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Figure 3.54: Calibration curve of the charge of the Au oxide reduction peak plotted as a 
function of the corresponding standard geometrical Au electrode surface areas. All 
electrodes were cycled at 100 mV s-1 in a 0.5 M H2SO4 solution for 11 cycles, n = 3. 
To outline the importance of the NaOH pre-treatment on the films, the collective 
surface areas of the AuNPs within the composite films were obtained for the 
fMWCNT-Aunano(NaBH4) composite film with and without the NaOH pre-treatment.  
In both cases 5.0 µl of 4.0 mg/ml dispersions were used.  As detailed earlier, the 
composites were cycled in a 0.5 M H2SO4 solution and the voltammograms recorded 
are shown in Figure 3.55.  As a control, the 24 h fMWCNT material was used and the 
voltammogram recorded in 0.5 M H2SO4 is included in Figure 3.55.  There is no 
evidence of any reduction peak for the 24 h fMWCNT without the AuNPs.  The Au 
oxide reduction peak is clearly evident at approximately 0.90 V vs. SCE for the 24 h 
fMWCNT-Aunano(NaBH4) film pre-treated in NaOH.  Furthermore, the peak current 
is higher than that observed with the polished Au electrode (d = 3 mm). However, 
when no NaOH pre-treatment is used, the reduction peak is negligible indicating a 
very low area for Au.  This highlights the importance of the pre-treatment in NaOH.  
Also it can be noticed that the films appear significantly more capacitive when treated 
in the NaOH solution.  The capacitive background currents of the fMWCNT-
Aunano(NaBH4) film and the 24 h fMWCNT film are similar, indicating that the 
increase in capacitance, following the NaOH pre-treatment is not connected to the 
presence of the AuNPs.  
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Figure 3.55: Cyclic voltammograms recorded at 100 mV s-1 in 0.5 M H2SO4 of a fMWCNT-
Aunano(NaBH4) composite — with and — without NaOH pre-treatment and of a  — 24 h 
fMWCNT film with NaOH pre-treatment, where 5.0 µl of 4.0 mg/ml dispersions were used. 
Other than the NaOH pre-treatment it was seen that H2SO4 cycling further increased 
the Au oxide reduction peak, at around 0.90 V vs. SCE.  This is evident in Figure 3.56 
where voltammograms are shown for the fMWCNT-Aunano(NaBH4) composite film 
with pre-treatments in 0.5 M and 1.0 M H2SO4.  It is clear that a larger peak current is 
obtained when the composite is cycled in 1.0 M H2SO4, in comparison to the 0.5 M 
H2SO4.  This increase is measured at almost 60% and indicates a significant increase 
in the Au surface area.  Clearly this cycling exposes a higher electroactive area of Au 
and yields the optimised sensor.  The charge computed for the Au reduction peaks and 
the corresponding calculated surface areas for Au are listed in Table 3.9.  No total 
ESAs of the various films are included, although the slope values of the ‘diffusion’ 
plots are shown for comparison.  The composite produced with TriSodCit provided 
films with the highest Au ESAs overall.  It was this greater presence of Au which may 
explain the films higher sensitivity towards glucose. 
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Figure 3.56: Cyclic voltammograms recorded at a 100 mV s-1 of a fMWCNT-
Aunano(NaBH4) composite film with —  0.5 M and  —  1.0 M H2SO4 pre-treatments in a 
0.5 M H2SO4 solution, where 5.0 µl of a 4.0 mg/ml dispersion was used.  
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Table 3.9: Estimated collective AuNPs surface areas (Au ESA) of the composite 
modified GC electrodes using the charge of the Au oxide reduction peak obtained in a 
0.5 M H2SO4 solution, n = 3. † 
Composite Film and Pre-
treatment 
Slope Values            
/ A√Vs-1 
Charge Under 
Auox. Reduction 
peak / C 
Au  ESA          
/ cm2 
Sodium Borohydride Reducing Agent 
 (2.0 mg/ml) 
0 h MWCNT-Aunano 7.292 × 10-5 4.436 × 10-5 0.0547 
18 h fMWCNT-Aunano 7.825 × 10-5 7.670 × 10-5 0.0918 
24 h fMWCNT-Aunano 9.488 × 10-5 1.003 × 10-4 0.1200 
48 h fMWCNT-Aunano 7.913 × 10-5 7.069 × 10-5 0.0846 
(4.0 mg/ml) 
24 h fMWCNT-Aunano 1.687 × 10-4 1.672 × 10-4 0.2002 
24 h fMWCNT-Aunano 
+ 0.5 M H2SO4 
3.827 × 10-4 2.399 × 10-4 0.2874 
24 h fMWCNT-Aunano 
+ 1.0 M H2SO4 
5.181 × 10-4 3.810 × 10-4 0.4562 
Trisodium Citrate Reducing Agent 
 (4.0 mg/ml) 
24 h fMWCNT-Aunano 2.317 × 10-4 2.114 × 10-4 0.2530 
24 h fMWCNT-Aunano 
+ 0.5 M H2SO4 
3.700 × 10-4 3.112 × 10-4 0.3736 
24 h fMWCNT-Aunano 
+ 1.0 M H2SO4 
5.674 × 10-4 4.956 × 10-4 0.5930 
24 h fMWCNT 
(4.0 mg/ml) 
24h fMWCNT 1.744 × 10-4 0 0 
† Films not suitable for total ESA estimations using this technique. 
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The same scan rate and Au ESA analyses were conducted at the modified SPE 
electrodes.  As mentioned previously, only the fMWCNT-Aunano(NaBH4) composite 
was used to modify the SPEs due to the instability of the fMWCNT-Aunano(TriSodCit).  
Also, a larger volume of 10.0 µl of this dispersion was cast onto the SPEs due to their 
increased diameter size of 4 mm.  As expected, a larger slope value is obtained from 
the diffusion plot which may imply a larger ESA, although this value is not used to 
estimate the ESA due to the effects of TLD, data shown in Table 3.8.  The charge 
under the Au oxide reduction peak is quite significant at this modified SPE and 
corresponded with larger calculated Au ESA of 1.0819 cm2, in comparison to that of 
the modified GC electrode which is calculated to be 0.5930 cm2.  Although there is an 
apparent increase in this Au area, the films sensitivity towards glucose is not as 
substantially increased.  This might be a result of the lag in kinetics at this modified 
SPE, as discussed previously. 
3.2.9.11     Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) was carried out to measure and 
compare the changes in the capacitance and resistance at the composite films before 
and after the acid pre-treatments.  As observed in the CVs shown in Section 3.25, there 
is a noticeable increase in the systems overall capacitance during the cycling in PBS 
when H2SO4 pre-treatments are used and especially at lower potentials.  EIS 
measurements were taken over the wide frequency range of 0.003 Hz to 60,000 Hz 
and at potentials of -0.10 V, 0.20 V and 0.50 V vs. SCE using a perturbation of 5.0 
Table 3.10: Estimated collective AuNP surface areas (Au ESA) of the composite 
modified SPE (DRP-150) using the charge of the Au oxide reduction peak obtained in 
a 0.5 M H2SO4 solution, n = 3. † 
Composite Film and 
Pre-treatment 
Slope Values           
/ A√Vs-1 
Charge Under 
Auox. Reduction 
peak / C 
Au  ESA      
/ cm2 
24 h fMWCNT-Aunano  
+ 1.0 M H2SO4 
9.515 × 10-4 9.042 × 10-4 1.0819 
† Films not suitable for total ESA estimations using this technique. 
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mV.  The composite films were prepared and then polarised at the required potential 
for a period of 30 min. This period was sufficient to achieve steady-state conditions. 
Impedance data can be presented as Complex plane or Nyquist plots and as Bode plots.  
The imaginary and real components of the impedance are plotted to give the Complex 
plane or Nyquist plots, while the Bode plots are generally separated into two plots 
displaying the magnitude of the impedance and the phase angle as a function of the 
logarithm of frequency81.  Using ZView® software, the experimental data were fitted 
to the equivalent circuit depicted in Figure 3.57 using a non‐linear least squares fitting 
minimisation method. This circuit was used for all the composites while the data 
recorded for the GC electrode were modelled using a constant phase element, denoted 
as CPE2, in place of the capacitor, C1. The Rs component represents the solution 
resistance, R1 represents the charge-transfer resistance and CPE1 and CPE2 are 
constant phase elements with C1 representing a capacitor.  CPEs are frequently used 
in circuit modelling and are ideal when surface inhomogeneities exist 82.  The 
Impedance, Z, of a CPE can be defined using Equation 3.6, where Q represents the 
magnitude of the capacitance, ω is the angular frequency of the alternating potential 
perturbation, and α represents the exponent 81. 
 
𝑍𝐶𝑃𝐸 =
1
𝑄(𝑗𝜔)𝑎
                                                   3.6 
This equation can represent the impedance of a capacitor, Q = C, when α = 1.0.  
Exponent values of 1.0 correspond to an ideal capacitor and when close to 1.0 it can 
be regarded as a non-ideal capacitor.  When the exponent adopts a value of 0.5 this 
corresponds to a diffusional process 81.  The carbon nanotube materials used in this 
study resulted in exponent values close to 1.0 and as such the CPE2 components were 
replaced with a capacitor, C1. This resulted in better model fitting with lower errors.  
The two-time constant model shown in Figure 3.57 and the corresponding parameters 
with low errors is an example of the fitting obtained with the 24 h fMWCNT film.  
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Figure 3.57: Equivalent circuit used to fit the impedance data and an example of the 
parameters and errors represent the fitting of the data recorded for the 24 h fMWCNT film. 
In Figure 3.58 impedance data are shown for the optimised fMWCNT-Aunano(NaBH4) 
composite film and a 1.0 M H2SO4 pre-treated 24 h fMWCNT film and a GC electrode.  
These data are recorded at 0.2 V vs. SCE in a 0.10 M PBS solution at a pH of 7.40.  
All the measured data are not shown in the plots for clarity.  It is clear from these plots 
that the impedance response of the GC electrode is very different to the fMWCNT-
Aunano(NaBH4) or the fMWCNT films.  These impedance data are fit to the equivalent 
circuit shown in Figure 3.57 and the resistance, R1, values and the values of the 
constant phase element CPE1 and capacitor C1 are displayed as a function of the 
applied potential.  The capacitance values, obtained from the CPE1 components, are 
shown in Figure 3.59 for the fMWCNT-Aunano(NaBH4) composite films with no 
H2SO4, 0.50 M H2SO4 and 1.0 M H2SO4 pre-treatments and a 1.0 M H2SO4 pre-treated 
24 h fMWCNT film without AuNPs.  It is clear from these data that the capacitance is 
high at – 0.10 V vs. SCE and this is consistent with the CV data in which the 
capacitance is observed to increase at lower potentials, Section 3.2.5.  Lower 
capacitance values are obtained at 0.2 and 0.5 V vs. SCE. The capacitance values of 
the fMWCNT-Aunano(NaBH4)  composite films are similar and do not vary 
significantly with the pre-treatments in 0.5 M H2SO4 and 1.0 M H2SO4, but it is clear 
that the 24 h fMWCNT films give the lowest capacitance.  Data obtained from the 
CPE1 element may not fully reflect the capacitance of the material and may be largely 
a result of an electrochemical double layer formed at the electrochemical interface 83. 
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Figure 3.58: (a) Complex Plane (Nyquist) plot, (b) and (c) Bode plots recorded in 0.10 M 
PBS solution (pH 7.4) at 0.2 V vs. SCE of the 1.0 M H2SO4 pre-treated — fMWCNT-
Aunano(NaBH4) composite film — the 24 h fMWCNT film and — a GC electrode 
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Figure 3.59:  Plots of the CPE1 capacitance values obtained at potentials of -0.1 V, 0.2 V 
and 0.5 V vs. SCE for the composites produced with NaBH4.  (a) displays the 24 h fMWCNT 
film with 1.0 M H2SO4 pre-treatment and (b), (c) and (d) display the fMWCNT-
Aunano(NaBH4) composite film with no H2SO4 pre-treatment, 0.5 M H2SO4 pre-treatment 
and 1.0 M H2SO4 pre-treatment, respectively. 
Capacitance values were obtained from the C1 components in the circuit and these are 
displayed in Figure 3.60. As mentioned, these capacitance values may correspond 
more so to the capacitance of the material and not to the electrochemical double layer 
at the solution-film interface.  From these data, it appears that the capacitance of the 
composite materials increases when the H2SO4 pre-treatments are used.  Also, it can 
be seen that the films containing the AuNPs have a higher capacitance.  Furthermore, 
the capacitance is higher at –0.1 V vs. SCE.  This characteristic was also evident in 
the voltammetry data recorded for these materials, Section 3.25.  The corresponding 
charge-transfer resistance values R1 are displayed in Figure 3.61, and these 
correspond well with the capacitance values, with a decrease in the resistance when 
AuNPs are present.  Also, it is clear that the H2SO4 pre-treatments greatly decrease the 
resistance values. 
As the surface areas of the films change depending on the pre-treatments, discussed in 
Section 3.2.9.10, these changes in the capacitance and resistance may correspond to 
the changes in the films surfaces areas.  It is well known that the magnitude of the 
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capacitance and the resistance depends on the materials surface area 84.  Consequently, 
the EIS results may better correlate with the changes in surface area and not 
specifically the electronic nature of the films.  For an accurate comparison of the EIS 
data, the total surface area of the materials must be taken into consideration during 
data analysis but these were not available. 
 
Figure 3.60:  Plots of the C1 capacitance values obtained at potentials of -0.1 V, 0.2 V and 
0.5 V vs. SCE for the composites produced with NaBH4.  (a) displays the 24 h fMWCNT 
film with 1.0 M H2SO4 pre-treatment and (b), (c) and (d) display the fMWCNT-
Aunano(NaBH4) composite film with no H2SO4 pre-treatment, 0.5 M H2SO4 pre-treatment 
and 1.0 M H2SO4 pre-treatment, respectively. 
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Figure 3.61:  Plots of the R1 resistance values obtained at potentials of -0.1 V, 0.2 V and 
0.5 V vs. SCE for the composites produced with NaBH4.  (a) displays the 24 h fMWCNT 
film with 1.0 M H2SO4 pre-treatment and (b), (c) and (d) display the fMWCNT-
Aunano(NaBH4) composite film with no H2SO4 pre-treatment, 0.5 M H2SO4 pre-treatment 
and 1.0 M H2SO4 pre-treatment, respectively. 
The impedance response of the fMWCNT-Aunano(TriSodCit) composite films was also 
measured using a similar approach.  Typical complex-plane impedance plots and Bode 
plots recorded for the optimised fMWCNT-Aunano(TriSodCit) composite film, the 1.0 
M H2SO4 pre-treated 24 h fMWCNT film and a GC electrode are shown in Figure 
3.62, while the corresponding plots of CPE1, C1 and R1 are presented in Figures 3.63, 
3.64, and 3.65.  Again, it is clear that the impedance response of the GC electrode is 
considerably different to the composites, while the impedance of the fMWCNT-
Aunano(TriSodCit) composite film and the 24 h fMWCNT film is similar.  As shown 
in Figure 3.63, the CPE1 values are plotted as a function of the applied potential.  The 
capacitance seems to increase slightly with the materials containing the AuNPs.  The 
CPE1 values do not seem to be as dependent on the applied potential for the 24 h 
fMWCNT-Aunano(TriSodCit) composite films pre-treated in 0.5 and 1.0 M H2SO4 and 
are somewhat higher at -0.1 V vs. SCE for the 24 h fMWCNT film and the fMWCNT-
Aunano(TriSodCit) with no acid pre-treatment. 
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Figure 3.62: (a) Complex Plane (Nyquist) plot, (b) and (c) Bode plots recorded in 0.10 M 
PBS solution (pH 7.4) at 0.2 V vs. SCE of the 1.0 M H2SO4 pre-treated — fMWCNT-
Aunano(TriSodCit) composite film — the 24 h fMWCNT film and — a GC electrode 
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Figure 3.63:  Plots of the CPE1 capacitance values obtained at potentials of -0.1 V, 0.2 V 
and 0.5 V vs. SCE for the composites produced with TriSodCit.  (a) displays the 24 h 
fMWCNT film with 1.0 M H2SO4 pre-treatment and (b), (c) and (d) display the fMWCNT-
Aunano(TriSodCit) composite film with no H2SO4 pre-treatment, 0.5 M H2SO4 pre-treatment 
and 1.0 M H2SO4 pre-treatment, respectively. 
The C1 values are shown in Figure 3.64 plotted as a function of the applied potential.  
Higher capacitance values are obtained at -0.1 V vs. SCE and the capacitance is higher 
for the fMWCNT-Aunano(TriSodCit) composite films pre-treated in 0.5 M and 1.0 M 
H2SO4.  Again, the 1.0 M H2SO4 cycling provides a material with the largest 
capacitance, which is in good agreement with the results recorded using the 
fMWCNT-Aunano(NaBH4) composite films, Figure 3.60.  The resistance values, R1, 
plotted for the different materials as a function of the applied potential are shown in 
Figure 3.65.  The resistance decreases upon acid cycling.  This was also observed with 
the films produced using the previous composite, shown in Figure 3.61, in which the 
optimised film resulted in a lower resistance value.  However, as the surface area of 
the films are different this may result in inaccurate comparisons. 
Chapter 3 
 
153 
 
 
Figure 3.64:  Plots of the C1 capacitance values obtained at potentials of -0.1 V, 0.2 V and 0.5 
V vs. SCE for the composites produced with TriSodCit.  (a) displays the 24 h fMWCNT film 
with 1.0 M H2SO4 pre-treatment and (b), (c) and (d) display the fMWCNT-
Aunano(TriSodCit) composite film with no H2SO4 pre-treatment, 0.5 M H2SO4 pre-treatment 
and 1.0 M H2SO4 pre-treatment, respectively. 
 
Figure 3.65:  Plots of the R1 resistance values obtained at potentials of -0.1 V, 0.2 V and 0.5 
V vs. SCE for the composites produced with TriSodCit.  (a) displays the 24 h fMWCNT film 
with 1.0 M H2SO4 pre-treatment and (b), (c) and (d) display the fMWCNT-Aunano(TriSodCit) 
composite film with no H2SO4 pre-treatment, 0.5 M H2SO4 pre-treatment and 1.0 M H2SO4 pre-
treatment, respectively. 
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As a control, EIS experiments were carried out on a polished GC electrode (d = 3 mm) 
as all the composite films used in this study were cast onto the GC electrodes.  The 
impedance data of the GC electrode were modelled using the two-time constant circuit 
model shown in Figure 3.66 (a), with a CPE component in place of the previously used 
C1 component, Figure 3.57.  The exponent values of the CPE2 were not close to 1.0 
and it cannot be considered a capacitor.  Plots of CPE1 and CPE2, and the 
corresponding exponent values obtained for CPE1 and CPE2, are shown in Figure 
3.66.  The resistance values are presented in Figure 3.67.  These results are very 
different to that observed with the composite materials and it is clear that the acid pre-
treatments have no influence on the magnitude of CPE1 or CPE2, or the corresponding 
exponent values.  Again, the resistance remains essentially constant following the acid 
pre-treatments.  It can be concluded that the GC substrate remains stable and inert 
during the electrochemical processes and the data recorded for the composite materials 
reflect the properties of the composite films. 
 
Figure 3.66: (a) Equivalent circuit used to fit the data of the GC electrode (d = 3 mm), (b) CPE1 
(blue) and CPE2 (red) values of the GC electrodes recorded at 0.2 V vs. SCE in 0.10 M PBS with 
and without H2SO4 pre-treatments and (c) exponent values of the CPE1 (blue) and CPE2 (red) 
elements, for the GC electrode with and without H2SO4 pre-treatments. 
No H2SO4   0.5 M H2SO4  1.0 M H2SO4 No H2SO4   0.5 M H2SO4   1.0 M H2SO4 
Pre-treatment Pre-treatment 
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Figure 3.67: Plots of the resistance, R1, obtained at a potential of 0.2 V vs. SCE in a 0.10 M PBS 
solution (pH 7.4) for a polished GC electrode (d = 3 mm) with and without H2SO4 pre-treatments. 
 
 
 
 
 
 
 
 
 
 
No H2SO4                     0.5 M H2SO4                    1.0 M H2SO4 
Pre-treatment 
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3.3     Summary of Results 
In this chapter results are presented on the synthesis and characterisation of the pristine 
MWCNT-Aunano(NaBH4), fMWCNT-Aunano(NaBH4) and fMWCNT-Aunano 
(TriSodCit)  composites and their use as sensing films for the non-enzymatic detection 
of glucose.  The AuNPs were synthetically reduced onto the surface of the carbon 
nanotubes using two different reducing agents, NaBH4 and TriSodCit and through 
different synthesis conditions.  It was found that the composites produced with the 24 
h fMWCNTs resulted in more sensitive films towards glucose in comparison to those 
produced with the pristine MWCNTs. This was explained in terms of the increased 
solubility and dispersibility of the fMWCNTs in SDS during AuNP formation and also 
due to the increased loading of AuNPs onto the surface of the fMWCNTs.  This 
enhanced solubility was due to the introduction of acidic surface groups during the 
HNO3 acid reflux.  Potentiometric titrations determined the acidic group coverage to 
be 6.0% for the 24 h fMWCNTs and 0.0% for the pristine MWCNTs.  Using FT-IR 
spectroscopy, a C=O stretch was apparent for the fMWCNTs, consistent with the 
presence of carboxylic groups. 
The sensors were produced by casting dispersions made in SDS solution onto GC and 
screen printed electrodes.  It was found that cycling the films in NaOH helped to 
remove the adsorbed SDS from the films.  Nafion® membranes were used to reduce 
interferences from negatively charged substances, including AA and UA, but it was 
found that they also reduced the sensitivity of the films towards glucose. 
Electrochemical pre-treatments using H2SO4 were utilised to help counteract this 
decrease in sensitivity and to optimise the performance of the sensors.  These 
treatments were regarded as cleaning treatments and they greatly increased the 
sensitivity of the materials for glucose and also increased the surface areas of the films. 
The materials were further characterised using microscopy and spectroscopy.  SEM 
was not successful in identifying the presence of AuNPs but Au was detected in the 
corresponding EDX analysis.  In an attempt to observe the AuNPs, TEM was used and 
their sizes were obtained.  For the fMWCNT-Aunano(NaBH4) composite, the AuNPs 
were under 10 nm, with a mode diameter of 7.5 nm and with a low size distribution.  
The fMWCNT-Aunano(TriSodCit) composite contained AuNPs with mode diameters 
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of 23 and 24 nm and with a larger size distribution.  UV-Vis also confirmed the 
presence of AuNPs with absorption bands in the mid 500 nm range. 
Using TEM analysis the lattice fringes, representing interatomic Au spacings, were 
measured as 2.35 Å which corresponds to the (111) plane of Au.  This was confirmed 
during XRD measurements. The (111) orientation was clearly identified and found to 
be present at the highest abundance in both composites and the interatomic spacings 
were measured as 2.35 Å.  Using the data, the Scherrer equation was employed to 
estimate AuNP size.  The calculated values were close to those obtained from TEM 
analyses. 
To quantify the Au loading in the composite films, AAS analysis and EDX were used.  
For the AA analysis, the composites were digested in concentrated acids to remove 
the AuNPs from the nanotubes and the quantity of Au, in the form of HAuCl4, was 
determined at 2.0% wt. for the fMWCNT-Aunano(NaBH4) composite and at 1.0% wt. 
for the pristine MWCNT-Aunano(NaBH4) composite.  The fMWCNT-
Aunano(TriSodCit) composite had the highest amount of Au at 5.0% wt.  These results 
compared well with the EDX analysis. 
Raman spectroscopy was used to identify the presence of surface defects and surface 
acidic groups on the nanotubes.  The G, D and D’ bands were evident, and these 
correspond to the graphitic rings in the nanotubes and the introduced defects, 
respectively.  It was evident that the D bands increased in intensity relative to the G-
band with the 24 h fMWCNTs, in comparison to that of the pristine MWCNTs.  This 
increase was significant at about 30%.  With the pristine MWCNTs, a large D-band 
was still present which indicates a degree of surface defects, however these were not 
observed in the titration or FT-IR results.  A SERs effect was observed with both the 
MWCNT-Aunano(NaBH4) and fMWCNT-Aunano(NaBH4) composites due to the 
presence of the AuNPs. 
Since the films produced with these materials were optimised with H2SO4 pre-
treatments, a scan rate analysis was used with ferrocyanide as an electrochemical 
probe as to estimate the total ESAs of these films.  It was found that TLD was 
occurring at the films and as such ESAs could not be calculated using this method.  
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However useful information was obtained by measuring the redox separations of 
ferrocyanide, ΔE.  Estimations of the collective Au ESAs of each film could be 
calculated by cycling in sulfuric acid.  EIS was used to measure the changes in the 
capacitance and resistance at the films and it was assumed that these changes may be 
associated with the films surface areas. 
Overall, AuNP-carbon nanotube composites were successfully produced using 
different reducing agents, with crystalline AuNPs of different sizes and in different 
amounts.  These materials proved useful in non-enzymatic sensing films for glucose 
and have been combined with Nafion® membranes which may provide improved 
selectivity.   
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 Introduction 
In this chapter results are presented and discussed for the detection of glucose at 
palladium (Pd) modified composite films (fMWCNT-Aunano/Pdnano).  Films were 
initially produced glassy carbon (GC) electrodes and were then miniaturised on 
screen-printed electrodes (SPEs).  The Pd nanoparticles (PdNPs) were 
electrodeposited onto the pre-existing fMWCNT-Aunano films which were produced 
using the fMWCNT-Aunano(NaBH4) composite discussed in Chapter 3.  Glucose 
detection was carried out initially using cyclic voltammetry (CV), followed by 
constant potential amperometry (CPA) and detection of glucose at more negative 
potentials was possible, which can be beneficial for selectivity.  In the latter sections 
of this chapter, characterisation studies are presented to identify the various physical 
and electrochemical properties of these composite films. 
The fMWCNT-Aunano films were modified with Pd as this metal and its alloys can 
facilitate the non-enzymatic detection of glucose.  Also, it can be easily 
electrodeposited and has stability and electrochemistry.  The fMWCNT-Aunano films 
were also modified with other metals, including copper, silver, tin, zinc and iron, 
although these bimetallic systems did not enable or improve glucose detection.  These 
studies are not included in the following chapter. 
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 Results and Discussion 
4.2.1 Detection of Glucose at fMWCNT-Aunano/Pdnano Composite Films 
These fMWCNT-Aunano/Pdnano composite modified GC and SPEs were produced by 
electrodepositing palladium (Pd) onto the surfaces of pre-existing fMWCNT-Aunano 
modified GC (d = 3 mm) and SPE electrodes (d = 4 mm).  In all cases the fMWCNT-
Aunano modified GC electrode and SPEs were produced using the procedures outlined 
in Chapter 2, Sections 2.2.6.1 and 2.2.6.2, respectively.  As mentioned in Chapter 3, 
only the fMWCNT-Aunano(NaBH4)  composite, produced using the NaBH4 reducing 
agent was used in the following work due to stability issues with the other fMWCNT-
Aunano(TriSodCit) composite, produced using trisodium citrate.  It should be noted that 
in the following sections, that the abbreviated composite name, fMWCNT-
Aunano(NaBH4), has been shortened to ‘fMWCNT-Aunano’ for clarity.  
4.2.1.1 Detection of Glucose using CV at GC/fMWCNT-Aunano/Pdnano 
Composite Films 
CV was employed initially to identify a suitable potential for Pd electrodeposition.  
The optimised fMWCNT-Aunano composite modified GC electrode, formed from a 5.0 
µl drop cast of a 4.0 mg/ml dispersion in SDS, was cycled in a solution of 2.5 mM 
PdSO4 made in a 0.5 M H2SO4 electrolyte using CV.  A reduction wave for the Pd 
metal is visible in the resulting CV in the reverse scan from 0.80 V to 0.45 V vs. SCE, 
shown in Figure 4.1.  The standard electrode potential for the reduction of Pd(11), as 
shown in Equation 4.1, in an aqueous solution is 0.915 V vs. NHE 1.  This can be 
converted to 0.671 vs. SCE, which is in good agreement with the reduction potential 
observed. 
 
4.1 
From the position of this reduction peak, a suitable potential can be chosen for use in 
a potentiostatic Pd electrodeposition.  It is clear that this peak is a result of the Pd as it 
does not occur in the CV obtained in 0.5 M H2SO4 without Pd salt.  A suitable potential 
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of 0.45 V vs. SCE was then chosen for Pd electrodeposition using potentiometry.  This 
was chosen due to its position just after the reduction wave which may be sufficient 
to deposit a maximum amount of Pd. 
The next step was to investigate the amount of Pd needed on the composite films for 
optimal glucose detection.  This was accomplished by electrodepositing Pd directly 
on the prepared fMWCNT-Aunano composite films at 0.45 V for various times of 60, 
120, 180 and 240 s and the resulting films were then cycled firstly in a 0.1 M PBS 
solution and a PBS solution containing 10 mM glucose, as shown in Figures 4.2 (a), 
(b), (c) and (d).  A potential window of -0.40 V to 0.60 V vs SCE was employed at                              
100 mV s-1.  It is evident in the voltammograms that the onset of glucose oxidation 
begins at a more negative potential at the fMWCNT-Aunano/Pdnano composite films, in 
comparison to the previous fMWCNT-Aunano composite film produced on GC 
electrodes, in which oxidation began at around -0.10 V vs. SCE, as  shown in Chapter 
3, Section 2.5.  It is also observed that the sensitivity of the composite film towards 
glucose is proportional to the amount of Pd present and that the current responses for 
glucose plateau at a certain loading of Pd.  The composite film formed from Pd 
deposition for a period of 240 s provides the optimum sensitivity, with a peak current 
 
Figure 4.1: Cyclic voltammograms recorded at 100 mV s-1 of the fMWCNT-Aunano modified 
GC electrode in a - - - 0.5 M H2SO4 solution and a — 0.5 M H2SO4 solution containing 2.5 
mM PdSO4. 
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of 7.26 × 10-5A (72.60 µA) observed for 10 mM glucose at -0.25 V vs. SCE, Figure 
4.2 (d).  The composite film formed from Pd electrodeposition for 60 s yields a peak 
current of 2.10 × 10-5A (21.07 µA) for glucose at -0.25 V vs. SCE.  This corresponds 
to over a 200% increase in sensitivity. 
Other than a shift in the glucose oxidation potential at this fMWCNT-Aunano/Pdnano 
film, relative to the fMWCNT-Aunano films, an increase in sensitivity towards glucose 
is apparent during the forward scan.  For comparison, glucose detection at the 
optimised fMWCNT-Aunano and fMWCNT-Aunano/Pdnano films are shown in Figure 
4.3.  Using CV, it appears that the current responses for glucose have increased at the 
Pd modified composite film and an increase in the overall capacitance is seen, which 
 
Figure 4.2: Cyclic voltammograms recorded at 100 mV s-1 of the fMWCNT-Aunano/Pdnano 
modified GC electrodes in a - - - 0.1 M PBS solution (pH 7.4) and a — 0.1 M PBS solution 
containing 10 mM glucose.  Figures (a), (b), (c) and (d) show glucose detection at the 
fMWCNT-Aunano/Pdnano films formed from Pd electrodeposition at 0.45 V vs. SCE for 60, 120, 
180 and 240 s, respectively. 
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is possibly due to an increase in the surface area 2.  As mentioned previously, a peak 
current of 7.26 × 10-5A (72.60 µA) is measured for 10 mM glucose at -0.25 V vs. SCE 
at the fMWCNT-Aunano/Pdnano modified GC electrode.  That measured in the forward 
scan at 0.30 V vs. SCE at the fMWCNT-Aunano modified GC electrode is 4.27 × 10
-
5A (42.70 µA).  This corresponds to a 70% increase in sensitivity.  It was assumed that 
this shift in the oxidation potential and the improvements in sensitivity were related to 
the relationship between the AuNPs and PdNPs.  Studies suggest that the formation of 
alloy and bimetallic systems can provide many beneficial properties in 
electrochemical sensors 3-9.  Previous studies have shown that the formation of Au, 
alloys and other bi-metallic materials can provide catalytic improvements at non-
enzymatic glucose sensors, including increases in sensitivities 4, 6, 7, anti-interfering 4 
and anti-poisoning capabilities 5.  It has also been observed that shifts in oxidation 
potentials can occur due to a change in the work functions of the bi-metallic systems, 
which occurs when the charge is transferred from one metal to the other in the inter-
metallic bond 5, 10.  This change can shift the films potential of zero charge (pzc) 
towards the negative direction and thus can make the electrode surface more positively 
charged at more negative potentials 4, 6-8, 10.  This may favour the adsorption of hydrous 
oxide radicals Au(OH)ads, on the metal surface 
6-10.  As discussed in Chapter 1, Section 
1.4.6.2, the occurrence of OHads on Au is beneficial in non-enzymatic glucose sensors 
6, 8, 11, 12.  This theory is supported in studies by Chen et al. using core shell Au-PdNPs 
combined with ionic liquids, in which it was determined that more positive films were 
formed due to differences in the Au and Pd work functions 4.  Work by Stamenkovic 
et al. determined that increased anion adsorption occurred at bi-metallic films 
composed of Pt and Sn 10.  This was ascribed to the lowering of the work function of 
the Pt by Sn and a shift in the pzc.  Further work by Lomocso and Baranova involving 
Pt and Pd bi-metallic sensors determined that the use of bi-metallics decreased the 
onset potentials of analyte oxidation 5. 
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4.2.1.2 Detection of Glucose using CV at GC/fMWCNT-Pdnano Composite 
Films 
To determine if the presence of Au was necessary in this new Pd composite, a control 
experiment was conducted whereby Pd was electrodeposited onto a fMWCNT film 
containing no Au.  This film was produced using the same fMWCNT dispersion 
concentration, drop cast volume, electrochemical pre-treatments and using the same 
conditions for Pd electrodeposition.  These films were then cycled firstly in PBS and 
in a PBS solution containing 10 mM glucose.  As seen in Figures 4.4 (a), (b), (c) and 
(d), no measurable glucose responses are apparent at the Pd modified fMWCNT films 
containing varying amounts of Pd, even with the electrodeposition of Pd for 240 s.  
This indicates that the presence of Au in the composite was important and that the 
relationship between the AuNPs and PdNPs may facilitate the oxidation of glucose at 
the more negative potentials. 
 
Figure 4.3: Cyclic voltammograms recorded at 100 mV s-1 of the (a) optimised fMWCNT-
Aunano and (b) fMWCNT-Aunano/Pdnano modified GC electrodes in a - - - 0.1 M PBS solution 
(pH 7.4) and a — 0.1 M PBS solution containing10 mM glucose. 
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Glucose detection using CV was also undertaken at a fMWCNT film for comparison 
with the optimised fMWCNT-Pdnano film, Figure 4.5.  No measurable response is 
apparent at the Pd modified film and at the fMWCNT film.  These results indicate that 
the dual Au-Pd bimetallic system in the composite provided the enhanced results and 
as such this fMWCNT-Aunano/Pdnano composite film is utilised further. 
 
Figure 4.4: Cyclic voltammograms recorded at 100 mV s-1 of the fMWCNT-Pdnano modified 
GC electrodes in a - - - 0.1 M PBS solution (pH 7.4) and a — 0.1 M PBS solution containing 
10 mM glucose.  Figures (a), (b), (c) and (d) show glucose detection at the fMWCNT-Pdnano 
films formed from Pd electrodeposition at 0.45 V vs. SCE for 60, 120, 180 and 240 s, 
respectively. 
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4.2.1.3 Detection of Glucose using CV at SPE/fMWCNT-Aunano/Pdnano 
Films 
Since this system had now been optimised on the GC substrate, it was miniaturised 
using SPEs.  Only the planar DRP-150 SPEs were used and not the macroporous DRP-
110O SPEs as no improvements in sensitivity were seen with these electrodes in 
previous studies, discussed in Chapter 3, Section 3.2.8.  The same Pd deposition 
process was carried out for the modified SPE electrodes, although the pre-existing 
fMWCNT-Aunano composite films were formed using 10 µl of the fMWCNT-Aunano 
composite dispersion in SDS, as discussed in Chapter 2, Section 2.2.6.2.  To determine 
an ideal potential for Pd electrodeposition at this new system, CV experiments were 
carried out initially in a solution of 2.5 mM PdSO4 made in 0.5 M H2SO4.  Due to the 
use of the Ag/AgCl reference electrode, the potential range investigated was adapted 
to -0.40 to 0.60 V.  A current increase in the reverse scan is observed for the reduction 
of Pd at the composite surface, as can be seen in Figure 4.6.  This reduction peak 
appears quite broad in comparison to that of the reduction of Pd at the modified GC 
electrode, which may indicate that Pd can be deposited over a wider potential range.  
Nonetheless a suitable potential of -0.10 V vs. Ag/AgCl can be chosen for Pd 
electrodeposition and this provides similar results to the potential applied using the 
previous electrochemical system, Section 4.2.1.1.  Also, a more negative potential may 
deposit more Pd and reduce deposition control. 
 
Figure 4.5: Cyclic voltammograms recorded at 100 mV s-1 of the (a) fMWCNT and (b) 
fMWCNT-Pdnano modified GC electrodes in a - - - 0.1 M PBS solution (pH 7.4) and a — 
0.1 M PBS solution containing10 mM glucose. 
 
Chapter 4 
 
172 
 
Pd electrodeposition at the fMWCNT-Aunano modified SPE was again carried out for 
the same times of 60, 120, 180 and 240 s at -0.10 V vs. Ag/AgCl, as used in Section 
4.2.1.1.  Similar trends between Pd electrodeposition time and glucose detection can 
be observed at this system.  The intensity of the current response for glucose oxidation 
is proportional to the amount of Pd present in the composite, with electrodeposition 
for 240 s providing the most sensitive film, as shown in Figure 4.7 (d).   The peak 
current for 10 mM glucose at this optimised film, measured at -0.45 V vs. Ag/AgCl, 
is 9.58 × 10-5 A (95.85 µA).  That measured at the fMWCNT-Aunano/Pdnano film formed 
from Pd deposition for 60 s results in a peak current of 3.76 × 10-5 A (37.67 µA), CV 
shown in Figure 4.7 (a).  This corresponds to over a 150% increase in sensitivity. 
As mentioned in the previous section, Section 4.2.1.1, the peak current for glucose 
measured at the optimised fMWCNT-Aunano/Pdnano modified GC electrode was 7.26 × 
10-5A (72.60 µA).  When compared to that measured at the fMWCNT-Aunano/Pdnano 
modified SPE electrode at -0.45 V vs. Ag/Ag/AgCl, this corresponds to an increase in 
sensitivity of over 30%.  This signifies that the composite modified SPEs provide 
better glucose detection than the modified GC electrodes and as such further glucose 
sensing was carried out at this improved system. 
 
Figure 4.6: Cyclic voltammograms recorded at 100 mV s-1 of the fMWCNT-Aunano modified 
SPE electrode in a - - - 0.5 M H2SO4 solution and a — 0.5 M H2SO4 containing 2.5 mM 
PdSO4. 
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Figure 4.7: Cyclic voltammograms recorded at 100 mV s-1 of the fMWCNT-Aunano/Pdnano 
modified SPE electrodes in a - - - 0.1 M PBS solution (pH 7.4) and a — 0.1 M PBS solution 
containing 10 mM glucose.  Figures (a), (b), (c) and (d) show glucose detection at the 
fMWCNT-Aunano/Pdnano films formed from Pd electrodeposition at -0.10 V vs. Ag/AgCl for 60, 
120, 180 and 240 s, respectively.  Figure (e) shows a plot of the glucose current response at -
0.45 V vs. Ag/AgCl with different loadings of Pd. 
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An increase in the peak current for glucose at -0.45 V vs. Ag/Ag/AgCl can also be 
observed at the optimised fMWCNT-Aunano/Pdnano modified SPE, in comparison to the 
optimised fMWCNT-Aunano modified SPE, CVs shown in Figure 4.8.  A peak current 
of 2.93 × 10-5 A (29.39 µA) is measured at -0.05 V vs. Ag/Ag/AgCl at the fMWCNT-
Aunano modified SPE and that measured at the fMWCNT-Aunano/Pdnano modified SPE 
is 9.58 × 10-5 A (95.85 µA).  This corresponds to over a 200% increase in sensitivity. 
4.2.1.4 Detection of Glucose using CPA at SPE/fMWCNT-Aunano/Pdnano 
Films 
Detection of glucose using CPA was possible at the fMWCNT-Aunano/Pdnano modified 
SPEs.  This was initially investigated at the potential of -0.05 V vs. Ag/AgCl for 
comparison with the fMWCNT-Aunano modified system, Chapter 3, Section 3.2.8, and 
due to its position just after the large forward glucose oxidation wave.  Detection was 
also carried out at -0.45 V vs. Ag/AgCl due to the sensitivity at this region, apparent 
using CV.  At this negative potential the oxidation of certain interferants, including 
ascorbic acid and uric acid, which typically occur at more positive potentials, may be 
eliminated 13, 14. 
CPA conducted at -0.05 V vs. Ag/AgCl yields a typical relationship between glucose 
concentration and current response as can be seen in Figure 4.9 (a).  The resulting 
 
Figure 4.8: Cyclic voltammograms recorded at 100 mV s-1 of the (a) fMWCNT-Aunano and 
the (b) fMWCNT-Aunano/Pdnano modified SPE in a - - - 0.1 M PBS solution (pH 7.4) and a 
— 0.1 M PBS solution containing10 mM glucose. 
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glucose calibration curve, shown in Figure 4.9 (b), shows good linearity (R2 = 0.9994) 
with relatively low errors. 
 
 
Figure 4.9: (a) Current-time plots for the oxidation of glucose, recorded at -0.05 V vs. 
Ag/AgCl, at the optimised fMWCNT-Aunano/Pdnano  modified SPE electrode (DRP-150) in 
0.1 M PBS (pH 7.4) with the successive additions of glucose aliquots from a 50 mM stock 
solution, made in 0.1 M PBS and (b) the corresponding calibration curve for glucose 
oxidation, n = 3. 
 
R2 = 0.9994 
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When the experiment outlined above is repeated using the more negative potential of 
-0.45 V vs. Ag/AgCl, slightly different current-time plots are evident with lower than 
expected current responses occurring as the glucose concentration was increased, 
Figure 4.10 (a).  This relationship is emulated in the corresponding glucose calibration 
curve in which a non-linear relationship between the data is apparent, Figure 4.10 (b).  
A polynomial trendline is used and a high correlation coefficient of 0.9976 is obtained.  
The error bars are small within the relevant physiological range of glucose, 4 – 8 mM 
15, although they are large at higher glucose concentrations.  These errors mean that 
accurate glucose detection is not possible at these higher glucose concentrations.  This 
composite shows potentially promising properties at this negative potential as it may 
be possible to detect glucose selectively in the presence of certain interferants.  
Ascorbic acid and uric acid are two electroactive interferants that can be oxidised at 
positive potentials 13, 14 and therefore oxidation of these interferants may be avoidable.  
At metallic and carbon materials the oxidation of AA can occur around 0.4 V vs. SCE 
16 and the oxidation of UA can occur at 0.36 V vs. SCE 17.  It was hoped that this 
composite film would provide good sensitivity towards glucose at this potential along 
with selectivity as to eliminate the use of Nafion®.  However, as discussed in Chapter 
3, Section 3.2.8, the use of a Nafion® membrane reduced sensitivity towards glucose 
at the fMWCNT-Aunano modified SPE films by almost 90%. 
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4.2.1.5 Limits of Detection and Sensitivity for Glucose at SPE/fMWCNT-
Aunano/Pdnano Films 
The limit of detection (LOD) is the lowest quantity of an analyte that can be accurately 
distinguished from background noise 18.  The LODs are calculated using Equation 4.2 
where LOD is the concentration, Sd is the standard deviation of the blank current 
 
Figure 4.10: (a) Current-time plots for the oxidation of glucose, recorded at -0.45 V vs. 
Ag/AgCl, at the optimised fMWCNT-Aunano/Pdnano  modified SPE electrode (DRP-150) in 
0.1 M PBS (pH 7.4) with the successive additions of glucose aliquots from a 50 mM stock 
solution, made in 0.1 M PBS and (b) the corresponding calibration curve for glucose 
oxidation, n = 3. 
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response 19.  Sensitivity values represent the slopes of the linear calibration plots for 
glucose. 
LOD and sensitivity values for glucose were calculated using this equation when the 
potentials of -0.05 V vs Ag/AgCl and -0.45 V vs. Ag/Ag/AgCl were used during CPA, 
data shown in Table 4.1.  Using data obtained at -0.05 V, a sensitivity value of 1.846 
µA/mM and a LOD of 0.136 µM can be calculated for the fMWCNT-Aunano/Pdnano 
Film.  At -0.45 V vs. SCE, a sensitivity value could not be calculated due to the non-
linear trend, although a LOD of 0.350 µM was measured.  Both of these LODs are 
below normal physiological levels of glucose present in the blood.  This sensitivity at 
-0.05 V vs. Ag/AgCl is lower than that obtained at the same potential at the fMWCNT-
Aunano modified SPE, shown in Chapter 3, Section 3.2.8, which has a value of 2.766 
µA/mM.  This corresponds to over a 30% decrease in sensitivity.  The fMWCNT-
Aunano modified SPE also results in a lower LOD of 0.049 µM.  These results indicate 
that the fMWCNT-Aunano modified SPEs are more suitable than the fMWCNT-
Aunano/Pdnano modified SPE for the detection of glucose at -0.05 V vs. Ag/AgCl.  As 
such, further investigations are not undertaken at this potential using the fMWCNT-
Aunano/Pdnano modified SPEs. 
Table 4.1: LOD and film sensitivity values towards the oxidation of glucose at the 
optimised fMWCNT-Aunano/Pdnano composite modified SPE electrode (DRP-150), n = 3. 
Potential 
/ V vs. SCE 
LOD 
/ µM 
Sensitivity 
/ µA/mM 
Error 
/ A/mM 
-0.05 0.136  1.846 ± 0.112 
-0.45 0.350 † - 
 
† Sensitivity value not determined. 
𝐿𝑂𝐷 =  3𝑆𝑑 
 
4.2 
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4.2.2 Characterisation of Composite Films 
4.2.2.1 Scanning Electron Microscopy and Energy Dispersive X-Ray 
Analysis 
SEM and EDX analyses were carried out on the fMWCNT-Aunano/Pdnano composite 
films prepared on both the GC electrodes and the SPEs, for comparison.  Analysis was 
also undertaken for the fMWCNT-Pdnano composite films formed on both the GC 
electrodes and SPEs to observe any differences in PdNP size or coverage, which could 
possibly help explain why glucose detection was not significant at these films.  SEM 
micrographs of the fMWCNT-Aunano/Pdnano modified GC film can be seen in Figure 
4.11.  It is clear that PdNPs are formed and that they are distributed relatively evenly 
over the surface of the composite film.  A large distribution in the particle diameter is 
evident in the resulting size distribution histogram with a mode diameter of 95 nm.  
As seen in the SEM micrographs of the fMWCNT-Pdnano modified GC electrode, 
Figure 4.12, PdNPs are also formed uniformly over the film surface.  Again, a large 
size distribution is seen in particle diameter and slightly larger PdNPs are formed, as 
can be seen in the size distribution histogram in Figure 4.12.  PdNPs existed largely 
between 80 and 100 nm in diameter.  Due to the similarities in particle sizes and 
coverage of Pd between the fMWCNT-Aunano/Pdnano film and the fMWCNT-Pdnano 
control film, it is again assumed that the interesting glucose sensing properties at the 
fMWCNT-Aunano/Pdnano film are a result of the coexistence of both Aunano and Pdnano 
and not simply due to a difference in PdNP size or coverage. 
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Figure 4.11: SEM micrographs and corresponding size distribution histogram of the 
fMWCNT-Aunano/Pdnano composite film formed on a GC electrode. 
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Figure 4.12: SEM micrographs and corresponding size distribution histogram of the 
fMWCNT-Pdnano composite film formed on a GC electrode. 
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SEM analysis of the fMWCNT-Aunano/Pdnano modified SPE yields very similar results, 
as seen in Figure 4.13.  A large size distribution is again apparent, with particles having 
a mode diameter of 95 nm, Figure 4.13.  This compares very well will data obtained 
from the fMWCNT-Aunano/Pdnano modified GC electrode.  SEM analysis is also 
included for the fMWCNT-Pdnano modified SPE, as shown in Figure 4.14.  Again a 
size distribution histogram is constructed and a large size distribution in PdNP 
diameter is observed, Figure 4.14.  Like the fMWCNT-Pdnano modified GC electrode, 
Figure 4.12, slightly larger particles are formed.  Nevertheless, PdNPs exist between 
90 and 95 nm in diameter, which compares well with those existing on the fMWCNT-
Aunano/Pdnano modified electrode.  Since very similar sizes and coverages of Pd are 
apparent at both composite films, it is again assumed that the interesting glucose 
sensing properties at the modified SPEs are a result of the formation of the bi-metallic 
Aunano/Pdnano composite and not due to a difference in particle size or coverage.  
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Figure 4.13: SEM micrographs and corresponding size distribution histogram of the 
fMWCNT-Aunano/Pdnano composite film formed on a SPE. 
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Figure 4.14: SEM micrographs and corresponding size distribution histogram of the 
fMWCNT-Pdnano composite film formed on a SPE.  
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EDX analysis was undertaken on both the fMWCNT-Aunano/Pdnano and fMWCNT-
Pdnano films formed on both the GC electrodes and SPEs.  Spectra are displayed in 
Figures 4.15 (a) to (d), along with a table of elemental % weights of all films, Table 
4.2.  As expected, peaks for Au and Pd are both present in the spectra for the 
fMWCNT-Aunano/Pdnano films.  In the film formed on the GC electrode, the Pd 
composition is estimated at 2.96% wt. and that at the modified SPE is a similar value 
of 3.05% wt.  Au is estimated at 1.69% wt. at the modified GC and at 1.75% wt. at the 
modified SPE.  It is evident from the EDX spectra and resulting data that a 
significantly larger amount of Pd is present at these composite films in comparison to 
Au.  Very similar Pd concentrations of 3.10 and 3.15% wt. are estimated for the control 
experiments at the fMWCNT-Pdnano modified GC electrode and SPE.  The presence 
of similar concentrations of Pd in the control composite films, again suggest that the 
glucose sensing properties of the fMWCNT-Aunano/Pdnano composite film are a result 
of the bi-metallic Aunano and Pdnano relationship and not due to different concentrations 
of Pd present.  Peaks for C, O, Na, Cl and S occur in the spectra.  The C and O signals 
arise mainly from the fMWCNTs and the Na probably results from the NaOH pre-
treatment step.  The Cl is only detected in the composite modified SPEs, Figures 4.15 
(c) and (d), and is due to the pre-existing presence of Cl in the SPEs.  The presence of 
sulfur is only apparent in the spectrum of the fMWCNT-Pdnano modified SPE, Figure 
4.15 (d), and is probably again due to interference from the underling substrate.  It 
may be noticed that the Au% wt. in the composite films is slightly lower than that of 
2.86% wt. obtained from EDX analysis of the bulk fMWCNT-Aunano composite, 
Chapter 3, Section 3.2.9.3.  This underestimation may result from interference from 
the underlying GC electrode and SPE working electrode.  Both of these working 
electrodes are reported to consist of carbon and this may be contributing to the 
elemental data.  Other elemental % weights may also be affected. 
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Figure 4.15: EDX spectra of the (a) fMWCNT-Aunano/Pdnano and (b) fMWCNT-Pdnano 
composite modified GC and the (c) fMWCNT-Aunano/Pdnano and (d) fMWCNT-Pdnano 
composite modified SPE.  
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Table 4.2: Table of elemental % weights of the (a) fMWCNT-Aunano/Pdnano and (b) 
fMWCNT-Pdnano composite modified GC and the (c) fMWCNT-Aunano/Pdnano and (d) 
fMWCNT-Pdnano composite modified SPE. 
 
GC/fMWCNT-
Aunano/Pdnano 
GC/fMWCNT-
Pdnano 
SPE/fMWCNT-
Aunano/Pdnano 
SPE/fMWCNT-
Pdnano 
C% wt. 87.02 ± 0.13 86.88 ± 0.11 85.06 ± 0.12 86.27 ± 0.14 
O% wt. 7.75 ± 0.13 9.33 ± 0.11 6.30 ± 0.10 6.64 ± 0.13 
Au% wt. 1.69 ± 0.04 - - 1.75 ± 0.04 - - 
Pd% wt. 2.96 ± 0.03 3.10 ± 0.03 3.05 ± 0.04 3.15 ± 0.04 
Na% wt. 0.58 ± 0.01 0.69 ± 0.01 0.57 ± 0.01 0.73 ± 0.01 
Cl% wt. - - - - 3.27 ± 0.02 3.01 ± 0.02 
S% wt. - - - - - - 0.20 ± 0.01 
 
4.2.2.2 X-Ray Diffraction Spectroscopy 
As discussed in Chapter 3, X-Ray Diffraction (XRD) is a non-destructive technique 
which is useful for determining crystallographic information of a crystalline material, 
including its various crystal planes, inter-atomic spacings and crystal structure 20.  
XRD was carried out on the fMWCNT-Aunano/Pdnano composite which was produced 
on the SPEs and also on a fMWCNT-Aunano and a fMWCNT-Pdnano modified SPE for 
comparison.   
In Figures 4.16, 4.17 and 4.18, the XRD spectra obtained from the fMWCNT-
Aunano/Pdnano, fMWCNT-Aunano and the fMWCNT-Pdnano modified SPE are shown.  It 
is clear from these spectra that no detailed information can be obtained due to the 
presence of many large overlapping peaks that are not related to the actual composite 
materials.  As such, estimations of nanoparticle sizes cannot be calculated using the 
Scherrer equation, Equation 4.3 21.  These overlapping peaks are identified as Al2O3 
and TiO2, which are present in the SPEs.  For comparison, a XRD spectrum of the 
SPE substrate is included and results are shown in Figure 4.19.  This spectrum shows 
much similarity to those of the composite films and this indicates that the SPEs are 
sources of interference during XRD.  As such, peaks are not assigned on the actual 
spectra.  Although not much useful information could be obtained from the resulting 
spectra, qualitative data was obtained and is displayed in Table 4.3.  This XRD 
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analysis was conducted at The Materials and Surface Science Institute, University of 
Limerick, Ireland, and a the resulting data files are included in the Appendix. 
𝐷 =
0.89𝜆
𝐵𝑐𝑜𝑠𝜃
 
4.3 
 
 
 
Figure 4.16: XRD spectrum of the fMWCNT-Aunano/Pdnano composite modified SPE. 
 
 
Figure 4.17: XRD spectrum of the fMWCNT-Aunano composite modified SPE. 
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Figure 4.18: XRD spectrum of the fMWCNT-Pdnano composite modified SPE. 
 
Figure 4.19: XRD spectrum of the SPE substrate. 
Data obtained for all relevant species are displayed in Table 4.3.  No data are included 
for either Al2O3 or TiO2 and all unlisted peaks correspond to these species.  It can be 
seen that graphitic peaks are obtained from analysis of all composites, which 
corresponds to the carbon nanotubes but may also be associated with the underlying 
carbon working electrode.  Both Au and Pd are detected in the fMWCNT-Aunano/Pdnano 
composite film as expected.  The presence of AuPd is also detected which indicates 
that an AuPd alloy or bi-metallic was formed in the composite.  Representative peaks 
for this can be located at 39.31⁰, 39.42⁰ and 39.52⁰ which represent the (111) plane of 
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AuPd 22.  At the fMWCNT-Aunano composite film, peaks at 38.17⁰, 44.41⁰ and 64.52⁰ 
correspond to the (111), (200) and (220) planes of Au 23, 24, respectively.  
Characteristic Pd peaks are also present at the fMWCNT-Pdnano composite film.  Peaks 
at both 39.61⁰ and 39.73⁰ represent the (111) crystalline plane 25, 26 and those at 46.10⁰ 
and 46.22⁰ represent the (200) plane of Pd 25, 26 although graphitic peaks are also 
present at these positions.  The peak at 67.43⁰ is associated with Pd (220) 25, 26.  
Graphitic peaks are also identified in the spectra which can be associated with the 
carbon nanotubes.  Non-graphitic carbon is also detected in the fMWCNT-Pdnano 
sample which may result from the working electrode.  
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Table 4.3: XRD data for the fMWCNT-Aunano/Pdnano, fMWCNT-Aunano and fMWCNT-
Pdnano composite modified SPE electrodes. 
Peak Position 
/ 2θ degrees 
Height 
/ counts 
d-spacing 
 / Å 
Substance 
fMWCNT-Aunano/Pdnano 
26.35 684.12 3.38 Graphite 
39.31 2182.02 2.29 AuPd 
39.42 4191.16 2.28 AuPd + Pd 
39.52 4777.12 2.28 AuPd + Pd 
43.84 603.41 2.06 Au 
45.98 2278.90 1.97 Pd 
54.07 596.01 1.69 Graphite 
62.57 44.53 1.48 Graphite 
67.19 1203.56 1.39 Pd 
76.90 1373.96 1.24 Au 
fMWCNT-Aunano 
26.57 10484.70 3.35 Graphite 
38.17 603.10 2.35 Au 
43.29 2341.68 2.08 Graphite 
43.40 3975.19 2.08 Graphite 
44.41 439.48 2.04 Au 
46.21 692.63 1.96 Graphite 
46.31 1038.19 1.96 Graphite 
54.65 280.35 1.67 Graphite 
56.68 113.51 1.62 Graphite 
64.52 249.56 1.44 Au 
77.48 494.18 1.23 Au + Graphite 
fMWCNT-Pdnano 
26.53 9239.00 3.36 Graphite 
39.62 1304.96 2.27 Pd 
39.73 1997.46 2.26 Pd 
43.32 3655.28 2.08 Graphite 
46.10 679.47 1.96 Pd + Graphite 
46.22 1014.87 1.96 Pd + Graphite 
54.61 276.90 1.68 Graphite 
56.61 111.40 1.62 Graphite 
61.27 635.35 1.51 C 
67.43 550.72 1.38 Pd 
76.85 1498.73 1.24 C 
77.43 312.25 1.23 Graphite 
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4.2.2.3 Scan Rate Analysis 
Scan rate studies were carried out at both the fMWCNT-Aunano/Pdnano composite 
modified GC electrode and SPE for comparison.  The same scan rate analysis 
discussed in Chapter 3, Section 3.2.9.10, was used at these films.  As discussed 
previously, data obtained from scan rate studies can be applied to the Randles-Sevcik 
equation to estimate the electroactive surface areas (ESAs) of electrode surfaces, but 
only if the redox processes occurring are under semi-infinite diffusion-control (SID).   
ESAs may be estimated from the slope of the Randles-Sevcik plot described by 
Equation 4.4.  In this equation, n is the number of electrons, v is the scan rate, D is the 
diffusion coefficient, A the area of the electrode and C is concentration 27-29. 
𝑖𝑝 = 2.68 × 10
5𝑛
3
2𝐴𝐷
1
2𝐶𝑣
1
2 
4.4 
 
The electrochemical probe used in this study and in previous scan rate studies was 
ferrocyanide.  Unfortunately, in previous work, Chapter 3, Section 3.2.9.10, it was 
found that processes other than SID were occurring at the electrochemical interface 
and this was assumed to be thin layer diffusion, TLD.  TLD commonly occurs at 
carbon nanotube films and porous carbon films 30-35, as discussed in Chapter 3.  It 
would appear that TLD was occurring at these new fMWCNT-Aunano/Pdnano films.  
Although ESA estimations could not be carried out due to this, information could be 
obtained from the ferrocyanide redox peak separations.  As in the previous scan rate 
studies, Chapter 3, Section 3.2.9.10, the redox peak separations (ΔE) for all scan rates 
applied were obtained from the resulting CVs.  The values of ΔE can provided 
interesting information on the rates of the electron transfer at electrochemical films.  
The peak separations were obtained using Equation 4.5, where, Ea is the peak potential 
of the oxidation wave, Ec is peak potential of the reduction peak and n is the number 
of electrons transferred in the redox process36.  ΔE can provide interesting information 
on the rate of the electron transfers at electrochemical films and when this system is 
under SID control, values of 59 mV/n signify a reversible redox couple, which is a fast 
electron transfer process 37.  Values higher than this represent a quasi-reversible 
process, which is a slower process 1, 36. 
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∆E = 𝐸𝑎 − 𝐸𝑐 =  
59 mV
𝑛
 4.5 
 
The resulting CVs of the fMWCNT-Aunano/Pdnano composite modified GC electrode 
and SPE cycled in a 1.0 mM ferrocyanide solution made in 0.1 M KCl are shown in 
Figures 4.20 (a) and (b).  Before each scan rate was commenced, the films were cycled 
in a background electrolyte of 0.1 M KCl.  As expected, an increase in the scan rate 
results in an increase in the currents obtained and these peak currents can be plotted 
as a function of the square root of the scan rate, Figures 4.20 (c) and (d).  An almost 
linear relationship is seen in both of these plots, which may initially imply that a SID 
process is occurring at the electrode surface 28, 29, data shown in Table 4.4.  Also, a 
large difference in slope values, calculated from the data fitting, is evident between 
the modified GC electrode and SPE, which can be due to the differences in surface 
areas, data shown in Table 4.4.  Although an almost linear plot is obtained, an even 
better correlation between the data is evident when these data are applied to a plot of 
the current versus the scan rate, Figures 4.20 (e) and (f).  Linearity in this plot implies 
that adsorption processes may be occurring at the surface of this electrode 28, 29.  To 
elucidate which processes were occurring, plots of the logarithm of current versus the 
logarithm of scan rate, ‘log-log’, were employed, Figure 4.21.  As can be seen in the 
plots, the slopes obtained from the trendlines are much higher than a value 0.5 which 
corresponds to a SID process 1.  This implied that TLD is occurring in conjunction 
with SID, a common process at porous systems 30-35.  A slope of 0.8603 is obtained 
for the composite modified GC electrode and a slightly larger slope of 0.8891 is 
calculated for the modified SPE.  
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Figure 4.20: Cyclic voltammograms of the fMWCNT-Aunano/Pdnano modified (a) GC and (b) 
SPE cycled in a 1.0 mM ferrocyanide solution made in 0.1 M KCl at scan rates of 10, 25, 50, 
75, 100, 125, 150, 175 and 200 mV s-1 and the resulting plots of current versus the square root 
of scan rate, Figures (c) and (d), and versus the scan rate, Figures (e) and (f), for both films, 
respectively, n = 3.  
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Figure 4.21:  Plots of the logarithm of the peak current as a function of the logarithm of the 
scan rate for the fMWCNT-Aunano/Pdnano composite films formed on a GC electrode (blue 
points) and a SPE (DRP-150) (red points), n = 3. 
 
As mentioned, additional information can be obtained from the CVs at each of the 
scan rates, from analysis of the redox peak separations, ΔE.  Data are displayed in 
Figure 4.21 for both the composite modified GC electrodes and SPEs, along with ΔE 
values obtained from the optimised fMWCNT-Aunano modified GC electrodes and 
SPEs, shown for comparison.  As discussed in Chapter 3, Section 3.2.9.10, values 
Table 4.4 Table of the correlation coefficients, R2 values, and slope values obtained from the 
diffusion plots of the peak current versus the square root of scan rate and slope values from the 
logarithm of peak current versus logarithm of scan rate plots for all composite films, n = 3. 
Composite 
Film 
R2 Values of 
Diffusion 
Plots 
Slope 
Values  
/ A/√Vs-1 
Total 
ESA    
/ cm2 
Slope 
Values of 
Log Plots 
Diffusion 
Processes 
GC/fMWCNT-
Aunano/Pdnano 
0.9837 4.449 × 10-4 † 0.8991 SID + TLD 
SPE/fMWCNT-
Aunano/Pdnano 
0.9775 8.925 × 10-4 † 0.8603 SID + TLD 
 
† Films not suitable for total ESA estimations using this technique. 
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measured for ΔE may only be compared to the SID model of 59 mV, Equation 4.5, if 
SID is the exclusive process occurring at the electrode surface 30, 35.  And although ΔE 
can still be measured if TLD is occurring, data may only be used comparatively if the 
effects of TLD are equivalent at each surface 35.  As mentioned, the mass transfer 
processes can be calculated using a ‘log-log’ plot, shown in Figure 4.21.  The slope 
value obtained from these plots for the fMWCNT-Aunano/Pdnano composite modified 
GC electrodes and SPEs, were 0.8991 and 0.8603, respectively, data displayed in 
Table 4.4.  The slope values obtained for the fMWCNT-Aunano modified GC electrode 
and SPEs, shown in Chapter 3, Section 3.2.9.10, were 0.8400 and 0.9000, respectively.  
Since these values are very similar, comparisons in electron transfer kinetics may be 
made. 
It is clear from this plot that the calculated ΔE values differ greatly between the 
composite modified GC electrodes and the SPEs, with those arising from the SPEs 
being of much larger values.  This finding is related to kinetic limitations at the 
modified SPEs and suggests that slower electron transfers may be occurring at these 
surfaces.  This could be related to the screen printed nature of the SPEs.  Another 
interesting finding was that ΔE values do not seem to differ greatly between the 
composites used.  This means that the variations in ΔE may be a result of the electrode 
substrates used and not the composite films.  The slower electron transfers at these 
modified SPEs could possibly explain why the current responses for glucose were not 
as high as expected at the fMWCNT-Aunano modified SPEs, as discussed in Chapter 
3, Section 3.2.8, even though a much larger surface area of Au was present, as found 
during the H2SO4 cycling, shown in Chapter 3, Section 3.2.9.10. 
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Figure 4.22: Plot of the ferrocyanide redox peak separations, ΔE, as a function of the scan 
rate for the — fMWCNT-Aunano and — fMWCNT-Aunano/Pdnano modified GC electrode 
and for the — fMWCNT-Aunano and — fMWCNT-Aunano/Pdnano modified SPE. 
4.2.2.4 Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) was carried out as a complementary 
study to measure and compare the changes in the capacitance and resistance at the 
fMWCNT-Aunano/Pdnano composite films over varying potentials and for comparison 
with EIS data obtained at the previous fMWCNT-Aunano composite films, discussed 
in Chapter 3, Section 3.2.9.11.  The same potentials, -0.10 V, 0.20 V and 0.50 V vs. 
SCE, frequency range, 65 mHz – 3 mHz, and perturbation, 5 mV, were used in this 
work.  Again, the prepared films were initially held at the potentials under 
investigation prior to analysis for a period of 30 min, to reach steady states.  EIS was 
carried out using a conventional three electrode set up with a GC working electrode 
and an SCE reference.  The modified SPEs were not studied due to possible 
instabilities of the SPEs during analysis.  The equivalent circuit, shown in Figure 4.23, 
was used during modelling, with a Rs component representing the solution resistance, 
R1 representing the charge-transfer resistance and a CPE1, constant phase element, 
and a C1 element representing a capacitor 38.  As with previous EIS studies reported 
in Chapter 3, Section 3.2.9.11, an improved fitting was apparent when the capacitor, 
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C1, was used in place of a CPE, CPE2, even though CPEs are frequently used in circuit 
modelling when surface inhomogeneities exist 38. 
 
 
Figure 4.23: Equivalent circuit used to fit the impedance data. 
Impedance data were presented as Complex plane or Nyquist plots and as Bode plots.  
As mentioned previously, the imaginary and real components of the impedance are 
plotted to give the Complex plane or Nyquist plots, while the modulus of the 
impedance and the phase angle are presented as a function of frequency to give the 
Bode plot.  Bode plots are generally separated into two plots displaying the magnitude 
of the impedance and the phase angle as a function of the logarithm of frequency39.  
Plots obtained at 0.20 V vs. SCE for the fMWCNT-Aunano/Pdnano composite film are 
shown in Figures 4.24 (a), (b) and (c) with plots of the optimised fMWCNT-Aunano 
modified film and of a GC electrode, shown for comparison.  It is clear that EIS data 
obtained at the fMWCNT-Aunano/Pdnano composite film differ greatly from the non-
modified GC and that more capacitive features are apparent.  Differences in the plots 
is also evident between this composite film and the fMWCNT-Aunano film, although 
the resulting capacitance and resistance data, calculated during circuit modelling using 
ZView® software, in general is quite similar, shown in Figures 4.25 – 4.27.   
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Figure 4.24: (a) Complex Plane (Nyquist) plot, (b) and (c) Bode plots recorded in 0.1 M 
PBS solution, pH 7.4 at 0.20 V vs. SCE of — the optimsed fMWCNT-Aunano/Pdnano 
composite film — the optimised fMWCNT-Aunano composite film and — a GC electrode.  
(c) 
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Figure 4.25 shows capacitance data obtained from the CPE1 elements during analysis 
conducted at the potentials of – 0.10 V, 0.20 V and 0.50 V vs. SCE at the optimised 
fMWCNT-Aunano/Pdnano and the fMWCNT-Aunano composite films, for comparison.  
It was clear from previous EIS studies at the fMWCNT-Aunano films, that the CPE1 
capacitance varied with applied potential, with - 0.10 V vs. SCE yielding the largest 
capacitance.  This finding correlated well with the CVs obtained in PBS in which more 
capacitive characteristics are evident at more negative potential ranges, an example 
seen in Section 4.2.1.1, Figure 4.3.  The same trend occurs at the fMWCNT-
Aunano/Pdnano composite film, which again corresponds with the obtained CVs in PBS, 
shown previously.  Overall a slight increase in the CPE1 capacitance is observed at 
the fMWCNT-Aunano/Pdnano composite films in comparison to the fMWCNT-Aunano 
films which may be due to an increase in surface area 2. 
 
Figure 4.25:  Plots of the CPE1 capacitance values obtained at potentials of -0.10 V, 0.20 V 
and 0.50 V vs. SCE for the H2SO4 optimised (a) fMWCNT-Aunano and (b) the 24 h fMWCNT-
Aunano/Pdnano composite film. 
Having plotted capacitance data obtained from the C1 elements, again a trend is 
evident, with the C1 capacitance being most significant towards more negative 
potentials, Figure 4.26.  Again this trend is apparent from CVs of the composites in 
PBS, Section 4.2.1.1, Figure 4.2.  Overall the C1 capacitance values obtained at all 
applied potentials are larger at the fMWCNT-Aunano/Pdnano composite film than at the 
fMWCNT-Aunano film, shown in Figure 4.26.  These larger values could also be related 
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to an increased surface area due to the presence of the Pdnano.  The opposite trends are 
observed in relation to the resistance values obtained from the R1 components of the 
circuit model as expected, Figure 4.27 below.  Resistance values are lower overall at 
the fMWCNT-Aunano/Pdnano composite films over all of the potentials used in 
comparison to the fMWCNT-Aunano film and the applied potential of -0.10 V yields 
the lowest resistance response.  These data corresponded well with the capacitance 
data obtained and this may be associated with an increased surface area. 
 
Figure 4.26:  Plots of the C1 capacitance values obtained at potentials of -0.10 V, 0.20 V 
and 0.50 V vs. SCE for the H2SO4 optimised (a) fMWCNT-Aunano and (b) the fMWCNT-
Aunano/Pdnano composite film. 
 
Figure 4.27:  Plots of the R1 resistance values obtained at potentials of -0.10 V, 0.20 V and 
0.50 V vs. SCE for the H2SO4 optimised (a) fMWCNT-Aunano and (b) the fMWCNT-
Aunano/Pdnano composite film. 
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4.3 Summary of Results 
In this chapter results are presented on the synthesis and characterisation of the 
fMWCNT-Aunano/Pdnano composite films and their use as non-enzymatic glucose 
sensors.  This bi-metallic composite film was produced through the electrodeposition 
of PdNPs onto the surface of pre-formed fMWCNT-Aunano composite films.  Initially 
experimentation was conducted on a GC electrode using a conventional three 
electrode setup and an optimum potential and duration for Pd deposition was 
determined. The electrodeposition of Pd at the potential of 0.45 V vs. SCE for the 
duration of 240 s yielded a sufficient coverage of PdNPs with a mode diameter of 95 
nm.  This resulting composite film, fMWCNT-Aunano/Pdnano, exhibited promising 
properties in relation to non-enzymatic glucose sensing and it was shown using control 
experiments that it was the presence of both Aunano and Pdnano that facilitated these 
improvements.  Using CV the onset of glucose oxidation began at more negative 
potentials in comparison to the potentials of oxidation at the fMWCNT-Aunano 
composite films.  Because of this shift, it was hoped that glucose detection could be 
conducted in potential regions at which, AA and UA would not be detected, since the 
oxidation of the two interferants generally occurs at more positive potentials.  
Experimental work related to chemical interference at all composite films is discussed 
in Chapter 5. 
Having discovered the general conditions necessary for the development of the 
fMWCNT-Aunano/Pdnano composite film on a GC electrode, the system was then 
miniaturised using SPEs (DRP-150).  It was again evident that Pd electrodeposition 
for the duration of 240 s yielded optimum glucose sensitivity, although a potential of 
-0.10 V vs Ag/AgCl was used due to a change in the reference electrode type.  Using 
the SPEs, PdNPs with a mode diameter of 95 nm were again formed on the 
composite film. 
CPA experiments were then carried out using the modified SPEs at the constant 
potentials of -0.05 V and -0.45 V vs Ag/AgCl.  The potential of -0.05 V vs. Ag/AgCl 
was chosen for comparisons with the detection at the fMWCNT-Aunano modified SPE 
and due to its location just after the large forward oxidation wave for glucose.  The 
more negative potential of -0.45 V vs Ag/AgCl was used for the possible avoidance 
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of certain interferants, results of which are discussed in the following Chapter 5.  
Glucose detection using CPA at -0.05 V vs. Ag/AgCl yielded a linear calibration 
curve, although overall sensitivity was less than that for the fMWCNT-Aunano modified 
SPE.  The use of the more negative potential of -0.45 V vs. Ag/AgCl was possible, 
although sensitivities were even further reduced along with non-linear trends in the 
data obtained.  This non-linearity may have implications in future sensing work at 
this potential. 
Morphological, qualitative and quantitative characterisations of the composite films 
were carried out using SEM, EDX and XRD.  Electrochemical characterisations were 
conducted using scan rate analyses and EIS.  It was confirmed through analysis of all 
films that PdNPs were present at significant concentrations.  PdNPs existed mainly 
below 100 nm in diameter in all films, including in the controls, and at a concentration 
of ~ 3% wt.  Au was also detected in the films, although at % weights slightly under 
the pre-calculated 2% wt.   
Scan rate analyses of these films, formed on both GC electrodes and on SPEs yielded 
some valuable information.  Unfortunately data obtained from these analyses could 
not be applied to the Randles-Sevcik equation for electroactive surface measurements 
due to the contribution of TLD.  Nevertheless information on the electron transfer 
processes of the films could be determined using the redox peak separations (ΔE) of 
the resulting CVs.  It was determined that sluggish electron transfer processes occurred 
when using the SPEs and there were no noticeable differences between data for the 
fMWCNT-Aunano/Pdnano and the fMWCNT-Aunano composites.  Limitations in electron 
transfer were largely due to the underlying carbon substrate of the SPEs.  These 
limitations may explain why the current responses obtained for glucose at the 
composite modified films did not reach expected values. 
Results obtained from EIS analyses of the fMWCNT-Aunano/Pdnano films, followed the 
same trends as those of the fMWCNT-Aunano films.  Measured capacitance values 
increased as more negative potentials were applied and the resistance values followed 
the opposite trend.  These trends also occurred at the fMWCNT-Aunano composite 
films and the only major difference was that results obtained for the fMWCNT-
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Aunano/Pdnano modified composite may indicate the presence of slightly larger surface 
areas.  This can be explained due to the presence of Pdnano.  
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5.1 Introduction 
In this chapter the effect of chemical interference at each of the fMWCNT-Aunano, 
fMWCNT-Aunano/Nafion
® and fMWCNT-Aunano/Pdnano composite modified SPEs is 
investigated using various chemical species which can be present in the blood.  These 
composite films were produced using the same methods used in Chapter 2, Section 
and 2.2.6.4 for the fMWCNT-Aunano and fMWCNT-Aunano/Nafion
® modified SPEs, 
respectively, and in Chapter 2, Section 2.2.7, for the fMWCNT-Aunano/Pdnano 
composite film.  As discussed in Chapter 3 and 4, only the fMWCNT-Aunano(NaBH4) 
composite, produced using the NaBH4 reducing agent was used as that produced using 
trisodium citrate lacked stability.  The name of the composite was shortened hereon to 
fMWCNT-Aunano for clarity.  Only the modified SPEs were used in this study as they 
provided better sensitivity towards glucose, in comparison to the modified GC 
electrodes, discussed in Chapter 3. 
Ascorbic acid (AA) and uric acid (UA) are two electroactive species investigated, 
which exist in high concentrations physiologically and are known to cause significant 
problems in electrochemical sensors.  The presence of the monosaccharides fructose 
and galactose is also studied, which are similar carbohydrates to glucose.  The effect 
of chloride and serum albumins on glucose sensing is also investigated, along with the 
possible effects of the commonly used drug acetaminophen.  Reusability and shelf-life 
studies are undertaken to determine the reproducibility of the sensors over use 
and time. 
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5.2 Results and Discussion 
5.2.1 Interferences from Chemical Interferants 
All of the fMWCNT-Aunano modified SPEs were produced using the same method 
discussed in Chapter 2, Section 2.2.6.2, in which 10.0 μl of a 4.0 mg/ml fMWCNT-
Aunano dispersion in 1.0% SDS was cast onto a SPE (DRP-150).  These films were 
then electrochemically pre-treated in 0.3 M NaOH and 1.0 M H2SO4 solutions.  To 
produce the fMWCNT-Aunano/Nafion
® films, 3.0 μl of a 50:50 (vol/vol) Nafion 117® 
solution made in ethanol absolute was cast onto the prepared fMWCNT-Aunano 
composite films, as discussed in Chapter 2, Section 2.2.6.4.  The fMWCNT-
Aunano/Pdnano composite films were formed using the same procedure discussed in 
Chapter 2, Section 2.2.7, in which Pd was electodeposited onto the surface of pre-
existing fMWCNT-Aunano films at -0.10 V vs. Ag/AgCl for 240 s in a 2.5 mM PdSO4 
solution made in 0.5 M H2SO4.  Nafion
® was not applied to these fMWCNT-
Aunano/Pdnano composite films as it was hoped that selective glucose detection would 
be possible at these films in the response of interferants due to the negative potential 
of -0.45 V vs. Ag/AgCl being used during CPA analyses.  
Cyclic voltammetry (CV) was employed initially to investigate the possible current 
responses arising from the oxidation and/or reduction of the chemical interferants 
being investigated.  This analysis was useful for determining the onset potentials for 
the oxidation of the species which could help determine if they would be oxidisable at 
the potentials used during constant potential amperometry (CPA) experiments.  
Glucose detection in the presence of these interferants was not undertaken using CV.  
Using CPA the electrochemical response of each interferant was investigated in both 
the presence and absence of glucose.  During CPA experiments in the presence of 
glucose an injection of 4.0 mM glucose was initially conducted as to observe its 
oxidation current response, this was followed by the chemical interferant as to observe 
any increase or decrease in the currents comparatively with that of glucose.  Any 
increases in the currents would imply that oxidation of the interferant was occurring 
and a decrease would indicate a surface poisoning process.  Aliquots of glucose were 
injected post-interferant as to determine if glucose detection remained possible.  Also, 
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the detection of these interferants in the absence of glucose was undertaken as to 
eliminate any possibility of current masking by glucose. 
5.2.1.1     Ascorbic Acid 
Ascorbic acid (AA), also known as vitamin C, is a water soluble antioxidant compound 
needed in a number of metabolic reactions in animals and plants, including the 
synthesis of collagen and the maintenance of healthy teeth, gums and blood vessels 1.  
Although the presence of AA is essential, it can be a problematic interfering compound 
in electrochemical sensing systems 2 and is present in the blood at high levels, up to 
0.10 mM 3.  AA exists in its anionic form, ascorbate, at physiological pH, as shown in 
Scheme 5.1, and is an electroactive compound that can be easily oxidised at many 
electrode substrates and over broad potential ranges 4.  The electrooxidation of AA is 
irreversible and is believed to be a two electron step producing dehydro-l-ascorbic 
acid 5.  In addition, the products of AA oxidation can foul electrode surfaces thereby 
resulting in a decrease in the current responses at solid electrodes 6. 
To possibly overcome interference from AA and other anionic species present during 
electrochemical sensing, negatively charged membranes can be used, of which 
Nafion® proves useful 6.  Nafion® is a fluorosulfonated polyanion material which can 
be coated onto an electrode and it excludes anionic interferences through electrostatic 
repulsion 7.  Other useful materials for this purpose include overoxidised polypyrrole 8, 
anionic surfactants 9, chitosan 7 and poly(o-phenylenediamine) 10. 
 
 
Scheme 5.1: Dissociation of Ascorbic Acid 
- H+ 
+ H+ 
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5.2.1.1.1   Interference from Ascorbic Acid at SPE/fMWCNT-Aunano and 
SPE/fMWCNT-Aunano/Nafion® Films 
Cyclic voltammetry (CV) was the electrochemical technique used initially for the 
investigation of AA and other chemical interference at the composite modified films.  
Using CV, the current responses and the onset potentials for the oxidation of the 
chemical species could be visualised.  This provided useful insight into the possibility 
of interference when using constant potential amperometry (CPA). 
Two AA concentrations, 0.10 mM and 0.50 mM, were studied.  AA exists at a 
maximum concentration of 0.10 mM in the blood and as such this is the most relevant 
concentration studied.  The higher concentration of 0.50 mM was investigated for 
easier visualisation of the oxidation responses, which was less apparent at the lower 
concentration of 0.10 mM AA.  It is clear that the detection of AA is possible at the 
fMWCNT-Aunano modified SPE, shown in Figure 5.1 (a), although the current 
responses are not overly significant even at the maximum physiological blood 
concentration of 0.10 mM.  The 0.50 mM AA yielded larger currents, as expected, 
with a peak current of 2.86 × 10-5 A (28.6 μA), resulting at -0.15 V vs. Ag/AgCl.  It is 
also evident that AA oxidation occurs over a broad potential range, from -0.30 V to 
0.20 V vs. Ag/AgCl, which may be problematic as it coincided with the potential of -
0.05 V used for glucose detection during CPA.  However, having applied the Nafion® 
membrane the interference of AA at both concentrations is greatly reduced, as seen in 
Figure 5.1 (b).  Again the peak current for 0.10 mM AA is not measurable at the 
fMWCNT-Aunano/Nafion
® SPE, although that of the 0.50 mM AA at -0.15 V vs. 
Ag/AgCl is 1.04 × 10-5 A (10.4 μA).  This corresponds to over a 60% reduction in 
interference using Nafion®. 
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After the CV experiments, AA interference at the composite films was investigated 
using CPA.  Experiments were initially conducted in the presence of glucose to 
compare the current responses relative to glucose and to observe any possible surface 
fouling by AA.  Aliquots of glucose were injected prior to and after AA injection.  For 
all interference studies, the initial response for glucose was measured at 4.0 mM, then 
additions were made to give 8.0 mM and 12.0 mM glucose.  Any significant reduction 
in the glucose currents during and after AA injection would indicate fouling from AA.  
As seen in Figures 5.2 (a) and (b) no interference from AA at 0.10 mM is apparent at 
either the fMWCNT-Aunano or fMWCNT-Aunano/Nafion
® modified SPEs.  This is not 
expected at the film without Nafion® as previous experiments using CV, Figure 5.1, 
indicate that slight current responses are possible at this concentration.  However, 
when AA at 0.50 mM is present, a current response is evident, albeit small in 
 
Figure 5.1: Cyclic voltammograms, recorded at 100 mV s-1, of (a) the fMWCNT-Aunano and 
(b) fMWCNT-Aunano/Nafion® modified SPEs in a - - - 0.10 M PBS solution (pH 7.40) and 
PBS solutions containing — 0.10 mM and — 0.50 mM ascorbic acid.  Magnified sections 
of the CVs showing the oxidation waves for AA are shown to the right. 
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comparison to that of glucose.  That of 0.50 mM AA yields a small current response 
of 0.25 × 10-5 A (2.5 μA), in comparison with that of 1.07 × 10-5 A (10.7 μA) for 4.0 
mM glucose.  The oxidation of 0.50 mM AA only causes over a 20% increase in the 
current relative to that of 4.0 mM glucose even at this excessively high concentration 
which is 5 times larger than that present in the blood.  AA at this concentration is also 
detected at the Nafion® containing film, Figure 5.2 (b), although the currents are much 
less significant.  The current for 0.50 mM AA is measured at 0.30 × 10-6 A (0.30 μA).  
This corresponds to a 90% decrease in interference in comparison to that at the 
fMWCNT-Aunano films, shown in Figure 5.2 (a).  Even though AA interference has 
been reduced using Nafion®, the films sensitivity towards glucose has been 
dramatically reduced also by almost 90%, as discussed in Chapter 3, Section 3.2.8.  
This Nafion® membrane equally reduced the detection of AA and glucose, although 
the stability of the glucose current responses in the presence of the Nafion® membrane 
have improved.  No evidence of surface fouling by AA is apparent at this sensor even 
without Nafion® as the glucose responses post AA injection do not appear to be 
reduced and corresponded with the glucose calibration curves reported for these films 
in Chapter 3.  It seems that the use of Nafion® is not necessary for the selective sensing 
of glucose at these films in the presence of this interferant at the 
concentrations studied. 
Since no current responses were evident for 0.10 mM AA, it was thought that the 
currents from glucose may have been masking those of AA.  CPA experiments with 
AA, in the absence of glucose were carried out to measure more accurate responses 
and this was also carried out for all of the interferants.  Results and data are shown and 
discussed in Section 5.2.1.8. 
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5.2.1.1.2     Interference from Ascorbic Acid at SPE/fMWCNT-Aunano/Pdnano 
Films 
Interference from AA was also studied at the fMWCNT-Aunano/Pdnano modified SPE, 
using both CV and CPA.  Results prove to be quite different in comparison to those of 
the previous fMWCNT-Aunano films, as evident in Figures 5.3 (a) and (b).  Although 
no measurable currents are again seen for 0.10 mM AA using CV and those of 0.50 
mM are also small.  The onset of interference begins at around -0.20 V vs. Ag/AgCl 
for the 0.50 mM AA and a peak current of 0.37 × 10-6 A (0.37 μA) can be measured 
at -0.15 V vs. Ag/AgCl.  It is not entirely clear whether this increase in current is 
associated with the oxidation of AA or due to changes in the background currents due 
to fouling at the composite surface.  This current is very similar to that obtained from 
a similar study at the fMWCNT-Aunano/Nafion
® sensor, Section 5.2.1.1.1.  The onset 
for AA interference occurs at a much more positive potential than that used for glucose 
during CPA experiments, at -0.45 V vs. Ag/AgCl, and as such it was hoped that 
selective glucose detection would be possible using CPA in the presence of this 
interferant, even without Nafion®.  Unfortunately this is not possible as surface fouling 
of the electrode occurs upon addition of AA, which can be seen during both CV and 
 
Figure 5.2: Current-time plots for the oxidation of glucose and ascorbic acid, recorded at -
0.05 V vs. Ag/AgCl, at (a) the fMWCNT-Aunano and (b) the fMWCNT-Aunano/Nafion® 
modified SPEs in 0.10 M PBS (pH 7.40) with the successive additions of glucose (4.0, 8.0 
and 12.0 mM) and ascorbic acid (0.10 and 0.50 mM) aliquots from stock solutions, made in 
0.10 M PBS. 
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CPA analyses, Figures 5.3 (a) and (b).  The CV shown in Figure 5.3 (a) of the 0.50 
mM AA shows a change in the large Pd oxide reduction peak, visible at -0.40 V vs. 
Ag/AgCl, whereby it decreases in intensity and shifts in potential to -0.22 V vs. 
Ag/AgCl.  This may indicate that some surface AA adsorption is occurring.  When 
CPA is employed, in the presence of glucose, no oxidation of AA is apparent, although 
a sharp decrease in the current occurs which again indicates a fouling process.  The 
initial current obtained for 4.0 mM glucose is 0.45 × 10-5 A (4.5 μA), although this is 
reduced by 50% and 70%, to 0.23 × 10-5 A (2.3 μA) and 0.14 × 10-5 A (1.4 μA) in the 
presence of 0.10 mM and 0.50 mM AA, respectively.  Further glucose detection post 
AA injection is severely affected and as such accurate detection of glucose is not 
possible at this film in the presence of AA.  Again, detection of AA at this film in the 
absence of glucose is discussed in Section 5.2.1.8 as to examine any possible current 
masking by glucose.  As mentioned previously, these sensors were not modified with 
Nafion®, as their actual purpose was to avoid its use. 
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5.2.1.2     Uric Acid 
Uric acid (UA) is a naturally occurring compound found in the human body and is the 
primary end product of purine metabolism 11.  UA is known to possess antioxidant 
properties, although abnormally high concentrations, a condition known as 
hyperuricemia, can be associated with several diseases such as gout, insulin resistance, 
hypertension and cardiovascular disease 11.  Lower UA levels, known as 
hypouricemia, can be associated with Alzheimer’s disease 12 and multiple sclerosis 13.  
UA exists alongside glucose in the blood at normal-high concentrations ranging from 
4.8 – 7.1 mg/dl (0.28 – 0.42 mM) in women and from 5.80 – 7.60mg/dl (0.34 – 0.45 
mM) in men 14, with higher levels being hyperuricemic.  Although these 
concentrations are much lower than those present for glucose, UA is an electroactive 
species and may be oxidised and cause surface fouling at electrode surfaces 15.  The 
electrooxidation of UA is reported to be an irreversible two electron process in which 
UA is oxidsed firstly to 4,5-dihydroxyluric acid, which is unstable and then into 
allantoin 16.  Its oxidation potentials usually overlap those of other species at 
conventional electrodes 17. These problems make UA a very challenging interfering 
 
Figure 5.3: (a) Cyclic voltammogram, recorded at 100 mV s-1, of the fMWCNT-
Aunano/Pdnano modified SPE in a - - - 0.10 M PBS solution (pH 7.40) and PBS solutions 
containing — 0.10 mM and — 0.50 mM ascorbic acid.  Figure 5.3 (b) shows the current-
time plot for the oxidation of glucose and ascorbic acid, recorded at -0.45 V vs. Ag/AgCl, at  
the fMWCNT-Aunano/Pdnano modified SPE in 0.10 M PBS (pH 7.40) with the successive 
additions of glucose (4.0, 8.0 and 12.0 mM) and ascorbic acid (0.10 and 0.50 mM) aliquots 
from stock solutions, made in 0.10 M PBS. 
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compound in the selective detection of other analytes 17.  At physiological pH, UA 
exists primarily in its anionic form urate and its dissociation involves keto-enol 
tautomerism in which its deprotonation occurs at one of the monohydroxy 
tautomers 18, shown in Schematic 5.2.  Due to its existence as urate, the use of Nafion® 
can be beneficial for reducing its interference 19. 
5.2.1.2.1  Interference from Uric Acid at SPE/fMWCNT-Aunano and 
SPE/fMWCNT-Aunano/Nafion® Films 
Interference from UA was studied using both CV and CPA.  Two concentrations of 
UA were studied, 0.37 mM and 0.45 mM UA, which correspond to the lower and 
upper levels of UA present in males, respectively.  It is evident that UA causes 
interference at the fMWCNT-Aunano modified SPE, as can be seen in the CVs 
displayed in Figure 5.4 (a), in which there are broad current responses ranging from -
0.40 V to 0.30 V vs. Ag/AgCl.  The 0.37 mM UA yields a peak current of 2.80 × 10-5 
A (28.0 μA) at -0.07 V vs. Ag/AgCl and as expected, the higher concentration of 0.45 
mM yields a higher peak current of 6.04 × 10-5 A (60.4 μA).  The use of a Nafion® 
membrane proves very useful in reducing interference from this interferant, as seen in 
Figure 5.4 (b).  Currents for 0.37 mM UA are not measurable using CV, although that 
of 0.45 mM are reduced and a peak current of 2.00 × 10-5 A (20.0 μA) can be measured 
 
Scheme 5.2: Dissociation of Uric Acid 
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at -0.07 V vs. Ag/AgCl.  The use of Nafion® reduces this signal for AA at 0.45 mM 
by almost 70%, although a signal is still apparent within a potential range below that 
used for the detection of glucose using CPA. 
CPA studies were conducted similarly to those of the previous studies using AA.  
Again, glucose was injected initially, followed by UA for comparison of the currents 
and then by glucose to investigate any electrode fouling by UA.  It is clear that without 
a Nafion® membrane, UA poses a serious problem at the fMWCNT-Aunano film, as 
seen in Figure 5.5 (a).  Currents for glucose have almost completely diminished upon 
the injection of UA and the currents obtained for the additional injections of glucose 
post-injection are severely reduced.  Using Nafion®, interference from UA is greatly 
reduced, although not eliminated and glucose detection post UA injection is not as 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Cyclic voltammograms, recorded at 100  mV s-1, of (a) the fMWCNT-Aunano and 
(b) fMWCNT-Aunano/Nafion® modified SPEs in a - - - 0.10 M PBS solution (pH 7.40) and 
PBS solutions containing — 0.37 mM and — 0.45 mM uric acid.  Magnified sections of 
the CVs showing the oxidation waves for UA are shown to the right. 
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severely hindered.  The initial current for 4.0 mM glucose is 0.19 × 10-5 A (1.9 μA) at 
the fMWCNT-Aunano/Nafion
® film, although this is reduced by 20% to 0.15 × 10-5 A 
(1.5 μA) with the addition of UA.  This reduction may indicate surface fouling by UA.  
To completely eliminate UA interference, an increased amount of Nafion® could be 
applied to the sensor, although this would reduce the sensitivity towards glucose even 
further and as such was not conducted.  The present decrease in glucose sensitivity 
using this membrane is almost 90%, as discussed in Chapter 3, Section 3.2.8.  No 
oxidation of UA is apparent at these films, although currents could be masked by those 
of glucose.  Results shown in Section 5.2.1.8, discuss UA detection in the absence of 
glucose.   
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5.2.1.2.2      Interference from Uric Acid at SPE/fMWCNT-Aunano/Pdnano Films 
As with the previous studies with AA at the fMWCNT-Aunano/Pdnano modified SPE, 
Section 5.2.1.1.2, UA also appeared to be a significant source of interference at this 
composite film.  It can be seen in the CVs in Figure 5.6 (a) that current responses for 
UA occurs over a wide potential range, from about -0.40 V to 0.30 V vs. Ag/AgCl.  
As in Section 5.2.1.1.2, it is not entirely clear if oxidation of UA is occurring at this 
film, or if a surface fouling process is causing changes in the background currents.  As 
such peak currents for UA were not assigned using CV analysis.  Also, a decrease and 
shift in the Pd oxide reduction peak, at -0.40 V vs. Ag/AgCl, is noticeable and this 
change is most apparent with the higher concentration of UA at 0.42 mM.  These 
results indicate that UA has a fouling effect at the composite surface.  When CPA is 
used for the detection of both glucose and UA, Figure 5.6 (b), again evidence of 
surface fouling is apparent due to the decrease in the currents for glucose during and 
after UA injection.  The initial currents achieved for 4.0 mM glucose, are decreased 
by about 35% and by almost 100% in the presence of 0.37 mM and 0.45 mM UA, 
respectively.  It was hoped that UA would not have any effect on glucose detection 
during CPA at such a negative potential, due to its more positive onset of oxidation.  
Although oxidation of UA is not apparent in this study UA fouled the sensing surface 
 
Figure 5.5: Current-time plots for the oxidation of glucose and uric acid, recorded at -0.05 
V vs. Ag/AgCl, at (a) the fMWCNT-Aunano and (b) the fMWCNT-Aunano/Nafion® modified 
SPEs in 0.01 M PBS (pH 7.40) with the successive additions of glucose (4.0, 8.0 and 12.0 
mM) and uric acid (0.37 and 0.45 mM) aliquots from stock solutions, made in 0.10 M PBS. 
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and almost eliminated glucose detection.  As such, this sensor would not be suitable 
for accurate glucose sensing in the presence of UA.  As in other studies, UA detection 
in the absence of glucose is carried out, data shown in Section 5.2.1.8. 
5.2.1.3     Galactose 
Galactose (Gal) is a monosaccharide sugar and a C-4 epimer of glucose and is one of 
two products of lactose digestion, the other being glucose 20.  At equilibrium, galactose 
predominately exists as four isomers, α-D-galactopyranose (33.3%), β-D-
galactopyranose (62.5%), α-D-galactofurnose (1.4%) and β-D-galactofuranose 
(2.8%) 21, as shown in Scheme 5.3.  Normal physiological concentrations typically 
exist below 6 mg/dl (0.33 mM) 22 although they may be as high as 10 mg/dl (0.55 
mM) 23.  Abnormally high levels of galactose in the blood is known as galactosemia 
and is a metabolic disorder primarily arising in the neonatal period.  Galactocemia is 
caused by deficiencies in either galactokinase (galactosemia type II), galactose-1-
phosphate uridyltransferase (GALT, galactosemia type I) or uridine diphosphate 
 
Figure 5.6: (a) Cyclic voltammogram, recorded at 100 mV s-1, of the fMWCNT-Aunano/Pdnano 
modified SPE in a - - - 0.10 M PBS solution (pH 7.40) and PBS solutions containing — 
0.37 mM and — 0.45 mM uric acid.  Figure 5.6 (b) shows the current-time plot for the 
oxidation of glucose and uric acid, recorded at -0.45 V vs. Ag/AgCl, at  the fMWCNT-
Aunano/Pdnano modified SPE in 0.10 M PBS (pH 7.40) with the successive additions of glucose 
(4.0, 8.0 and 12.0 mM) and uric acid (0.37 and 0.45 mM) aliquots from stock solutions, made 
in 0.10 M PBS. 
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galactose-4-epimerase (galactosemia type III).  GALT is the most severe of these three 
and results in the accumulation of galactose in the blood to toxic levels 22.  Other than 
its possible effects on health, galactose has shown to be a source of interference at 
electrochemical glucose sensors in which it can be oxidised along with glucose 24-27.  
Electrochemical oxidation of galactose predominantly yields galactonic acid after 
prolonged electrolyses along with traces of other species, according to HPLC 
analysis 28.  As such, interference from galactose has been studied at the composite 
modified electrode using both CV and CPA.  
5.2.1.3.1  Interference from Galactose at SPE/fMWCNT-Aunano and 
SPE/fMWCNT-Aunano/Nafion® Films 
CV was employed initially, followed by CPA using three galactose concentrations of 
0.25 mM, 0.55 mM and 1.00 mM, representing low, high and excessively high 
concentrations.  On the basis of the CV analyses, little evidence of interference is seen 
 
Scheme 5.3: Mutarotation of Galactose 
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at the fMWCNT-Aunano and fMWCNT-Aunano/Nafion
® composite films, Figures 5.7 
(a) and (b).  No measurable currents occur for all the concentrations used at either 
films using CV analysis.  Because of this, interference during CPA experiments were 
expected to be minimal. 
CPA analyses were conducted using the three concentrations of galactose.  Oxidation 
of galactose occurred at these concentrations, as can be seen in Figures 5.8 (a) and (b), 
although the currents are small in comparison to those of glucose.  At the fMWCNT-
Aunano film a current of 1.05 × 10
-5 A (10.5 μA) is measured for the initial 4.0 mM 
glucose addition.  No current increase is apparent upon the first injection of galactose, 
which corresponds to 0.25 mM galactose.  Although currents increase by 3% and 10% 
to 1.08 × 10-5 A (10.8 μA) and 1.15 × 10-5 A (11.5 μA) in the presence of 0.55 mM 
and 1.00 mM galactose, respectively.  At the fMWCNT-Aunano/Nafion
® film a current 
of 0.18 × 10-5 A (1.8 μA) is measured for the initial 4.0 mM glucose addition.  This 
current increases by 6%, 12% and 25%, to 0.19 × 10-5 A (1.9 μA), 0.20 × 10-5 A (2.0 
μA) and 0.22 × 10-5 A (2.2 μA) in the presence of 0.25 mM, 0.55 mM and 1.00 mM 
galactose, respectively.  At both systems, glucose detection post galactose addition do 
not appear affected.  The oxidation of galactose in the absence of glucose at these films 
is discussed in Section 5.2.1.8.  Overall glucose detection appears unaffected which 
indicates that no poisoning of the electrode surface is occurring.  These results indicate 
 
Figure 5.7: Cyclic voltammograms, recorded at 100  mV s-1, of (a) the fMWCNT-Aunano and 
(b) fMWCNT-Aunano/Nafion® modified SPEs in a - - - 0.10 M PBS solution (pH 7.40) and PBS 
solutions containing — 0.25 mM, — 0.55 mM and —1.00 mM galactose. 
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that accurate and selective detection of physiological glucose in the presence of 
physiological concentrations of galactose is possible using these sensing films. 
5.2.1.3.2      Interference from Galactose at SPE/fMWCNT-Aunano/Pdnano Films 
Using CV, no evidence of galactose oxidation is evident, Figure 5.9 (a).   CPA results 
initially followed the same trend, as seen in Figure 5.9 (b), in which the first two 
injections of 0.25 mM and 0.55 mM galactose did not result in an increase in the 
current.  However the third injection, corresponding to 1.00 mM galactose did yield a 
slight increase, although this is not accurately measureable.  As in previous 
interference studies with AA and UA, Sections 5.2.1.1.2 and 5.2.1.2.2, it appears that 
galactose causes some surface fouling as the currents arising from the initial 4.0 mM 
glucose injection are reduced.  The initial 4.0 mM glucose yields a current of 0.42 × 
10-5 A (4.2 μA), although this decreases by about 20% in each instance to 0.34 × 10-5 
A (3.4 μA), 0.32 × 10-5 A (3.2 μA) and 0.34 × 10-5 A (3.4 μA) in the presence of 0.25 
mM, 0.55 mM and 1.00 mM galactose, respectively. 
No oxidation of galactose is observed initially and a significant decrease in the initial 
glucose current occurred post injection.  This also occurs with the second galactose 
 
Figure 5.8: Current-time plots for the oxidation of glucose and galactose, recorded at -0.05 
V vs. Ag/AgCl, at (a) the fMWCNT-Aunano and (b) the fMWCNT-Aunano/Nafion® modified 
SPEs in 0.10 M PBS (pH 7.40) with the successive additions of glucose (4.0, 8.0 and 12.0 
mM) and galactose (0.25, 0.55 and 1.00 mM) aliquots from stock solutions, made in 0.10 M 
PBS. 
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injection although a slight increase in the current occurs with the third injection.  The 
currents for glucose post galactose also appear to be reduced.  These findings indicate 
that galactose is reducing the films sensitivity towards glucose possibly due to a 
surface poisoning effect.  Oxidation of galactose is indeed possible at this film at high 
concentrations, as seen during the third injection.  It is possible that peaks from the 
lower concentrations have been masked by glucose.  As such, CPA analysis using 
solely galactose is investigated, as discussed in Section 5.2.1.8. 
 
 
 
 
 
 
Figure 5.9: (a) Cyclic voltammogram, recorded at 100  mV s-1, of the fMWCNT-
Aunano/Pdnano modified SPE in a - - - 0.10 M PBS solution (pH 7.40) and PBS solutions  
containing — 0.25 mM, — 0.55 mM and —1.00 mM galactose.  Figure 5.9 (b) shows the 
current-time plot for the oxidation of glucose and galactose, recorded at -0.45 V vs. Ag/AgCl, 
at  the fMWCNT-Aunano/Pdnano modified SPE in 0.10 M PBS (pH 7.40) with the successive 
additions of glucose (4.0, 8.0 and 12.0 mM) and galactose (0.25, 0.55 and 1.00 mM) aliquots 
from stock solutions, made in 0.10 M PBS. 
 
Chapter 5 
 
226 
 
5.2.1.4     Fructose 
Fructose is a simple carbohydrate found in many plants.  It is an important dietary 
monosaccharide, along with glucose and galactose, which is absorbed into the 
bloodstream during digestion  29.  At equilibrium, fructose predominately exists as four 
isomers, α-D-fructopyranose (3%), β-D-fructopyranose (72%), α-D-fructofuranose 
(5%) and β-D-fructofuranose (20%) 30, shown in Scheme 5.4.  Serum fructose 
concentrations in healthy (non-diabetic) individuals exist at  7.7 ± 1.6 μM and 
significantly higher levels are present in diabetic patients, 12.0 ± 3.8 μM 31.  Higher 
levels of fructose in the body can be associated with various conditions including 
hypertriglyceridemia and insulin resistance 32 and obesity 33. In electrochemical 
sensing systems, fructose is often regarded as a potential interferant due to its 
coexistence in the blood, although as shown in recent works, it does not cause 
significant interference at some electrochemical sensors 34, 35.  Nonetheless, its 
potential effects on glucose sensing was investigated in this work at levels present in 
diabetic patients and at exaggerated levels, a hundred times higher.  
 
Scheme 5.4: Mutarotation of Fructose 
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5.2.1.4.1  Interference from Fructose at SPE/fMWCNT-Aunano and 
SPE/fMWCNT-Aunano/Nafion® Films 
As with previous interference studies, CV was initially employed to investigate the 
position and intensity of the possible oxidation currents for fructose at the composite 
films.  CPA was then employed in each case to examine the effects of fructose 
interference in the presence of glucose.  From CV analyses, shown in Figures 5.10 (a) 
and (b), it seems as if fructose is not a source of interference at the fMWCNT-Aunano 
films with or without Nafion®.  No oxidation responses or any changes in current are 
observed, even at excessively high concentrations.  Using CPA this same trend is 
initially apparent, although a slight increase in the current is visible at the fMWCNT-
Aunano
 film at the higher fructose concentration of 2.75 mM, shown in Figures 5.11 (a) 
and (b).  The presence of the excessively high 2.75 mM fructose results in a current of 
0.10 × 10-5 A (1.0 μA).  This corresponds to a 10% increase relative to that of 4.0 mM 
glucose. There is no effect on the glucose responses post-fructose injection.  At the 
fMWCNT-Aunano/Nafion
® film, no fructose interference occurs and the currents for 
glucose are not affected.  These results indicate that the detection of physiological 
concentrations of fructose is not possible at these films, although it may be possible 
that currents for glucose may have a masking effect during CPA.  As such, CPA 
experiments investigating fructose interference in the absence of glucose is shown in 
Section 5.2.1.8. 
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5.2.1.4.2      Interference from Fructose at SPE/fMWCNT-Aunano/Pdnano Films 
Using CV, no oxidation of fructose or any changes in the overall current responses is 
observed, Figures 5.12 (a).  In previous studies using AA and UA, Sections 5.2.1.1.2 
 
Figure 5.10: Cyclic voltammograms, recorded at 100  mV s-1, of (a) the fMWCNT-Aunano 
and (b) fMWCNT-Aunano/Nafion® modified SPEs in a - - - 0.10 M PBS solution (pH 7.40) 
and PBS solutions containing — 6. 33 µM, — 27.75 µM and — 2.75 mM fructose. 
 
Figure 5.11: Current-time plots for the oxidation of glucose and fructose, recorded at -0.05 
V vs. Ag/AgCl, at (a) the fMWCNT-Aunano and (b) the fMWCNT-Aunano/Nafion® modified 
SPEs in 0.10 M PBS (pH 7.40) with the successive additions of glucose (4.0, 8.0 and 12.0 
mM) and fructose (6.33 µM, 27.75 µM and 2.75 mM) aliquots from stock solutions, made 
in 0.10 M PBS. 
 
 
Chapter 5 
 
229 
 
and 5.2.1.2.2, changes in the Pd oxide reduction peak are evident upon addition of the 
interferant, which suggests a surface adsorption process is occurring.  This is not the 
case with fructose using CV.  Although upon addition of fructose during CPA analysis, 
albeit at extremely small concentrations, the initial current for 4.0 mM glucose 
decreases significantly.  This trend follows with the successive fructose injections and 
no oxidation of fructose is apparent.  The initial 4.0 mM glucose yields a current of 
0.45 × 10-5 A (4.5 μA), although this decreases by 20%, 30% and 50% to 0.36 × 10-5 
A (3.6 μA), 0.31 × 10-5 A (3.1 μA) and 0.23 × 10-5 A (2.3 μA) in the presence of 6.33 
μM, 27.55 μM and 2.75 mM fructose, respectively.  Glucose detection post-fructose 
injection is again investigated, although current responses are also affected.  These 
occurrences suggest that fructose has a poisoning effect at this sensing film and that 
accurate glucose detection is not possible.  CPA analysis of fructose in the absence of 
glucose is shown in Section 5.2.1.8 to again investigate the possibility of current 
asking by glucose. 
 
 
Figure 5.12: (a) Cyclic voltammogram, recorded at 100 mV s-1, of the fMWCNT-
Aunano/Pdnano modified SPE in a - - - 0.10 M PBS solution (pH 7.40) and PBS solution 
containing — 6. 33 µM, — 27.75 µM and — 2.75 mM fructose.  Figure 5.12 (b) shows 
the current-time plot for the oxidation of glucose and fructose, recorded at -0.45 V vs. 
Ag/AgCl, at the fMWCNT-Aunano/Pdnano modified SPE in 0.10 M PBS (pH 7.40) with the 
successive additions of glucose (4.0, 8.0 and 12.0 mM) and fructose (6.33 µM, 27.75 µM and 
2.75 mM) aliquots from stock solutions, made in 0.10 M PBS. 
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5.2.1.5     Acetaminophen 
Acetaminophen, more commonly known as paracetamol, is a widely used over-the-
counter analgesic and antipyretic that is absorbed into the blood from the upper 
intestinal tract post-ingestion 36.  The therapeutic range of acetaminophen in the blood 
ranges from 10 – 20 mg/l (0.066 – 0.132 mM) 37.  When used in the therapeutic range 
it has low toxicity, although high levels of acetaminophen within the body can produce 
serious health effects including liver failure and death 38. 
Acetaminophen is an external influence and does not exist naturally in the blood, but 
when ingested its presence can cause interference at electrochemical blood sensors.  
Acetaminophen is an electroactive substance and can strongly adhere to and poison 
sensing surfaces 39.  It is oxidised to N-acetyl-p-quinoneimine via a two electron step 
40.  Although it is neutrally charged at physiological pH 36, the use of Nafion® has 
shown to be useful for reducing its interference at electrochemical glucose sensors 41.  
Interference from acetaminophen was investigated at the highest therapeutic level of 
20 mg/L (0.13 mM) and at a significantly higher concentration of 100 mg/l (0.66 mM), 
which was deemed to be a relevant level in a study by Weidemaier K. et al. on glucose 
sensing 23.  
5.2.1.5.1   Interference from Acetaminophen at SPE/fMWCNT-Aunano and 
SPE/fMWCNT-Aunano/Nafion® Films 
As with previous studies, both CV and CPA were used to investigate acetaminophen 
interference.  Using CV, clearly defined peaks are seen for the acetaminophen to N-
acetyl-p-quinoneimine redox couple at 0.20 V and -0.05 V, respectively, Figures 5.14 
 
  
Figure 5.13: Structure of Acetaminophen 
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(a) and (b).  At the fMWCNT-Aunano films, the peak currents for the oxidation of 0.13 
mM and 0.66 mM acetaminophen are measured to be 3.24 × 10-5 A (32.4 μA) and 
14.97 × 10-5 A (149.7 μA) at the potentials of 0.21 V and 0.27 V vs. Ag/AgCl, 
respectively.  Nafion® reduces the intensity of peaks by 25% and 50% to 2.47 × 10-5 
A (24.7 μA) and 7.75 × 10-5 A (77.5 μA), measured at the potentials of 0.19 V and 
0.23 V vs. Ag/AgCl, respectively, Figure 5.14 (b).  Since the oxidation of 
acetaminophen occurs at a potential more positive than that of glucose, it was hoped 
that it would not pose any problems during glucose sensing using CPA. 
Interference from acetaminophen during CPA is shown in Figures 5.15 (a) and (b).  
Again glucose was injected initially followed by acetaminophen and again by glucose.  
It is clear that acetaminophen oxidation does not occur at either sensors, which was 
expected, although the currents arising from the initial oxidation of glucose are 
severely reduced.  As mentioned, acetaminophen can pose issues in electrochemical 
sensing due to its poisoning of electrode surfaces.  This may occur at these films and 
the exceptional decrease in glucose detection post injection may support this.   The 
initial current for the oxidation of 4.0 mM glucose is measured to be 1.12 × 10-5 A 
(11.2 μA) at the fMWCNT-Aunano film during CPA, Figure 5.15 (a).  This peak 
decreases in intensity by almost 40% and 70% to 0.70 × 10-5 A (7.0 μA) and 0.31 × 
10-5 A (3.1 μA), in the presence of 0.13 mM and 0.66 mM acetaminophen, 
respectively.  The oxidation of glucose post-acetaminophen injection has also been 
severely affected.  Nafion® does not eliminate the poisoning effects of acetaminophen, 
although it reduces its severity, as seen in Figure 5.15 (b).  The initial oxidation of 4.0 
mM glucose at the fMWCNT-Aunano film results in a current of 0.19 × 10
-5 A (1.9 μA).  
This decreases by a lesser extent of 10% and 30% to 0.17 × 10-5 A (1.76 μA) and 0.13 
× 10-5 A (1.3 μA) in the presence of 0.13 mM and 0.66 mM acetaminophen, 
respectively.  Glucose detection post-injection of acetaminophen is affected, although 
not to the same extent as the previous fMWCNT-Aunano sensor in Figure 5.15 (a).  
Overall the use of Nafion® reduces the detection of acetaminophen by over 50% during 
CPA, as measured from the redox peaks in Figure 5.14. 
It can be seen that Nafion® does indeed reduce acetaminophen interference, although 
in this study it was shown to not eliminate it fully.  Due to this, it can be concluded 
that these films are not suitable for glucose detection in the presence of this interferant.  
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As in the previous interferant studies, the detection of acetaminophen in the absence 
of glucose is discussed in Section 5.2.1.8. 
 
 
Figure 5.14: Cyclic voltammograms, recorded at 100  mV s-1, of (a) the fMWCNT-Aunano 
and (b) fMWCNT-Aunano/Nafion® modified SPEs  in a - - - 0.10 M PBS solution (pH 7.40) 
and PBS solutions containing — 0.13 mM and — 0.66 mM acetaminophen. 
 
Figure 5.15: Current-time plots for the oxidation of glucose and acetaminophen, recorded at 
-0.05 V vs. Ag/AgCl, at (a) the fMWCNT-Aunano and (b) the fMWCNT-Aunano/Nafion® 
modified SPEs in 0.10 M PBS (pH 7.40) with the successive additions of glucose (4.0, 8.0 
and 12.0 mM) and acetaminophen (0.13 and 0.66 mM) aliquots from stock solutions, made 
in 0.10 M PBS. 
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5.2.1.5.2    Interference from Acetaminophen at SPE/fMWCNT-Aunano/Pdnano 
Films 
The CVs showing acetaminophen interference at the fMWCNT-Aunano/Pdnano 
composite film, shown in Figure 5.16 (a), appear quite different to those of the 
previous fMWCNT-Aunano
 and fMWCNT-Aunano/Nafion
® films.  At lower 
concentrations of 0.13 mM, no clear redox peaks can be seen for acetaminophen, 
although a slight decrease and shift in the Pd oxide reduction peak, at about -0.40 V 
vs. Ag/AgCl, is clear.  As with AA and UA, it was assumed that this was caused by 
surface poisoning.  When the higher concentration of 0.66 mM is investigated, redox 
peaks for acetaminophen are apparent, at approximately 0.25 V and at 0.00 V vs. 
Ag/AgCl and the Pd oxide reduction peak almost disappears.  This may indicate a 
surface fouling process. 
From CPA analysis in the presence of glucose it is clear that the current response for 
glucose is drastically affected by acetaminophen.  Shown in Figure 5.16 (b), it can be 
seen that no oxidation responses are present, as expected, although the current arising 
from the initial response for 4.0 mM glucose is completely diminished upon injection 
of acetaminophen.  Further addition of this interferant gives rise to lower currents.  
Also, glucose detection post acetaminophen addition is not possible.  Of all the 
interferants studied, it seems as if acetaminophen poses the biggest problem at these 
sensing films.  As such, it can be concluded that these films are not suitable for glucose 
detection in the presence of this interferant. 
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5.2.1.6     Serum Albumins 
Serum albumins are globular soluble proteins formed in the liver and are essential 
constituents of blood plasma where they have roles in transportation of nutrients, 
blood and hormones through the vascular system and in maintaining osmotic pressure 
42.  Human serum albumin (HSA) concentrations in the blood are significant with 
normal levels ranging from 3.5 to 5.0 g/dl.  Levels below 3.5 g/dl are abnormal and 
can be a result of malnutrition and/or kidney disease 42.  Over 50% of human plasma 
content is composed of serum albumins 43.  These proteins possess a heart-shaped 
tertiary structure, of which 67% is composed of α-helices and they have three 
homologous domains containing two sub domains.  Overall these proteins are 
negatively charged 43.   
Although HSAs are present in human blood, they were not studied in this work.  
Instead, bovine serum albumin (BSA) were used in these interference studies, the 
structure of which is displayed in Figure 5.17 44.  BSA is a commonly used albumin 
 
Figure 5.16: (a) Cyclic voltammogram, recorded at 100  mV s-1, of the fMWCNT-
Aunano/Pdnano modified SPE in a - - - 0.10 M PBS solution (pH 7.40) and PBS solution 
containing — 0.13 mM and — 0.66 mM acetaminophen.  Figure 5.16 (b) shows the 
current-time plot for the oxidation of glucose and acetaminophen, recorded at -0.45 V vs. 
Ag/AgCl, at  the fMWCNT-Aunano/Pdnano modified SPE in 0.10 M PBS (pH 7.40) with the 
successive additions of glucose (4.0, 8.0 and 12.0 mM) and acetaminophen (0.13 and 0.66 
mM) aliquots from stock solutions, made in 0.10 M PBS. 
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which has a high degree of homology to HSA 45.  Like HSA its tertiary structure exists 
as a heart shape, 67% is composed of alpha helices and it also consists of three 
homologous domains which are composed of two sub domains 46.   
Studies show that BSA can bind to and aggregate on the surface of MWCNTs 47.  
Interactions between nanoparticles and proteins typically include Van der Waals and 
electrostatic forces, hydrogen bonds and hydrophobic interactions 47.  Work by Chen 
et al. showed that BSA can bind to AuNPs on electrochemical films which result in a 
decrease in current responses and electron transfer 48.  It was expected that these 
possible interactions would negatively affect glucose sensing when albumins were 
present. 
5.2.1.6.1    Interference from Serum Albumins at SPE/fMWCNT-Aunano and 
SPE/fMWCNT-Aunano/Nafion® Films 
As with the previous interference studies, CV and CPA were used.  Initially using CV 
analysis, the fMWCNT-Aunano films with and without Nafion
®, were cycled in 0.10 M 
PBS to obtain stable background responses.  These sensors were then cycled in a 0.10 
M PBS solution containing BSA, at a concentration of 4.125 g/dl, as to investigate any 
changes caused by BSA.  This was followed by 10.0 mM glucose detection in PBS 
with the presence of BSA.  As seen in the CVs of the fMWCNT-Aunano film without 
 
  
Figure 5.17: Structure of Serum Albumin 44. 
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Nafion®, Figure 5.18 (a), the presence of BSA has an effect on the background current 
response.  Also, glucose oxidation does not occur.  It is assumed that the BSA may be 
adsorbing onto the composite surface and thus impeding glucose detection.  The 
results from the fMWCNT-Aunano/Nafion
® sensor prove to be quite different, as seen 
in Figure 5.18 (b).  With the use of Nafion® it appears that glucose detection is possible 
in the presence of BSA, as a broad oxidation response can be observed from -0.40 V 
to 0.20 V vs. Ag/AgCl in the forwards scan. 
Since glucose detection was only possible at the Nafion® containing film, CPA was 
only conducted at this sensor and the results are shown in Figure 5.19.  As observed, 
typical step-like current responses are achieved upon injection of glucose.  In the 
presence of albumins it can be seen that the films sensitivity towards glucose has 
decreased at this fMWCNT-Aunano/Nafion
®  film, in comparison to results obtained in 
the absence of BSA, data shown in Chapter 3, Section 3.2.8.  The resulting calibration 
curve is shown in Figure 5.20 in which a non-linear trend occurs over the various 
glucose concentrations.  As such, the sensitivity value was not calculated and the % 
decrease in sensitivity in the presence of BSA was not calculated.  Overall, glucose 
detection is possible in the presence of physiologically relevant levels of albumins 
using the Nafion® coated film, although the sensitivity is reduced.  A LOD of 
0.043 µM can be calculated from the background currents obtained during CPA. 
 
Figure 5.18: Cyclic voltammograms, recorded at 100  mV s-1, of (a) the fMWCNT-Aunano 
and (b) fMWCNT-Aunano/Nafion® modified SPEs in a - - - 0.10 M PBS solution (pH 7.40), 
a — PBS solution containing serum albumin (4.125 g/dl) and —  this solution containing 
10.0 mM glucose. 
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Figure 5.19: Current-time plots for the oxidation of glucose, recorded at -0.05 V vs. 
Ag/AgCl at the fMWCNT-Aunano/Nafion® modified SPEs in 0.10 M PBS (pH 7.40) 
containing serum albumins (4.125 g/dl) with the successive additions of glucose aliquots 
from stock solutions, made in 0.10 M PBS. 
 
Figure 5.20: Calibration curve for the oxidation of glucose in 0.10 M PBS (pH 7.40) at the 
fMWCNT-Aunano/Nafion® modified SPEs, n = 3. 
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5.2.1.6.2      Interference from Serum Albumins at SPE/fMWCNT-Aunano/Pdnano 
Films 
CV analysis of BSA interference at the fMWCNT-Aunano/Pdnano film, data shown in 
Figure 5.21, resulted in similar results to the previous fMWCNT-Aunano film without 
Nafion®, Section 5.2.1.6.1.  Again, the film was cycled in 0.10 M PBS, followed by 
0.10 M PBS containing BSA with and without 10.0 mM glucose.  Upon cycling in the 
BSA solution, it is clear that the previously defined Pd oxide reduction peaks are 
almost eliminated.  It is assumed that the BSA has again adsorbed on the surface.  
Glucose detection is also not possible in the presence of BSA at this film, as with the 
previous composite film, displayed in Section 5.2.1.6.1, Figure 5.18 (a).  As such, 
CPA work was not carried out at this film. 
5.2.1.7     Chloride 
Chloride is one of the most important electrolytes in the blood where it is present at 
concentrations ranging from 96-106 mM 49. It is essential in maintaining many 
 
Figure 5.21: Cyclic voltammogram, recorded at 100 mV s-1, of the (a) fMWCNT-
Aunano/Pdnano modified SPE in a - - - 0.10 M  PBS solution (pH 7.40), a — PBS solution 
containing serum albumin (4.125 g/dL) and —  this solution containing 10.0 mM glucose. 
 
Chapter 5 
 
239 
 
physical and chemical properties within the body, including normal blood volume, 
pressure, and pH 49.  Sodium chloride provides the main source of chloride in the body, 
which when absorbed into the blood is regulated by the kidneys.  Excess chloride is 
excreted from the body in the urine, but persistently high levels may indicate kidney 
damage 49. 
The presence of chloride during electrochemical sensing of glucose at non-enzymatic 
sensors can cause significant problems.  Chloride ions strongly chemisorb onto the 
surface of noble metals, including Au and Pt, thus reducing the adsorption of glucose 
and its detection 39, 50, 51.  The current responses for the electrooxidation of glucose at 
Au are proportional to the concentrations of chlorides present 39.  In contrast, work by 
Meng et al. which investigated the use of PdNP/CNT composites, demonstrated 
significant anti-chloride poisoning properties of Pd and no effects on glucose 
sensing 52. 
5.2.1.7.1  Interference from Chloride at SPE/fMWCNT-Aunano and 
SPE/fMWCNT-Aunano/Nafion® Films 
As with the previous BSA study, the effect of chloride on glucose detection was 
investigated initially using CV followed by CPA.  NaCl at a concentration of 0.10 M 
was used as a source of chloride.  For CV analysis, the prepared electrodes were firstly 
cycled in the background solution of 0.10 M PBS.  They were then cycled in a PBS 
solution containing 0.10 M NaCl with and without 10.0 mM glucose.  Data is shown 
in Figures 5.22 (a) and (b).  As can be seen, the presence of chloride results in a change 
of the background currents, in comparison to those not containing chloride.  Also, 
glucose detection is severely reduced, in comparison to detection without chloride, 
shown in Chapter 3, Section 3.28, as expected at both films with or without Nafion®.  
These glucose currents are not measurable from the resulting CVs.  Nafion® may not 
reduce the extent of interference due to the small size of the chloride anions and their 
high concentration. 
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This poor sensitivity towards glucose in the presence of 0.10 NaCl is reflected in CPA 
studies, shown in Figures 5.23 (a) and (b) and in the resulting calibration curves, 
Figures 5.24 (a) and (b).  An almost linear correlation between data is seen with the 
fMWCNT-Aunano film, although this is not the case with the Nafion
® coated composite, 
which has significant errors.  As such, a sensitivity value could not be calculated for 
the Nafion® coated film.  LODs and sensitivity values are displayed in Table 5.1.  A 
sensitivity value of 0.088 µA/mM is calculated for the fMWCNT-Aunano film.  Results 
obtained in the absence of chloride are shown in Chapter 3, Section 3.2.8, in which a 
sensitivity of 2.766 µA/mM is obtained.  In the presence of 0.10 M NaCl it can be 
estimated that the sensors sensitivity for glucose has been reduced by over 95%.  This 
reduction in sensitivity may be due to the adsorption of chloride on the metal surfaces, 
thereby hindering the adsorption of glucose.  These results are consistent with the 
issues with glucose detection in the presence of chloride at noble metal non-enzymatic 
sensors 39, 50, 51.  A low LOD value of 0.150 µM was obtained for the fMWCNT-Aunano 
film, which is lower than the levels of glucose found in the blood.  This can be 
compared to a LOD of 0.049 µM obtained at this film in the absence of chloride, 
Chapter 3, Section 3.2.8, which is almost 70% lower.  An even lower LOD value of 
0.027 µM was calculated for the Nafion® containing film. 
 
Figure 5.22: Cyclic voltammograms, recorded at 100 mV s-1, of (a) the fMWCNT-Aunano 
and (b) fMWCNT-Aunano/Nafion® modified SPEs in a - - - 0.10 M PBS solution (pH 7.40), 
a — PBS solution containing 0.10 M NaCl and — this solution containing 10.0 mM 
glucose. 
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Figure 5.23: Current-time plots for the oxidation of glucose, recorded at -0.05 V vs. 
Ag/AgCl, at (a) the fMWCNT-Aunano and (b) the fMWCNT-Aunano/Nafion® modified SPEs 
in 0.10 M PBS (pH 7.40) containing 0.10 M sodium chloride with the successive additions 
of glucose aliquots from stock solutions, made in 0.01 M PBS. 
 
Figure 5.24: Calibration curve for the oxidation of glucose in 0.10 M PBS (pH 7.40) 
containing 0.10 M sodium chloride at the (a) fMWCNT-Aunano and (b) fMWCNT-
Aunano/Nafion® modified SPEs, n = 3. 
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Table 5.1: Limits of detection and film sensitivity values towards the oxidation of glucose 
at the fMWCNT-Aunano and fMWCNT-Aunano/Nafion® composite modified SPEs in the 
presence of chlorides, n = 3. 
Without Nafion® With Nafion® 
Potential 
/ V vs. SCE 
LOD 
/µM 
Sensitivity 
/ µA/mM 
Error      
/ µA/mM 
LOD   
/ µM 
Sensitivity     
/ µA/mM 
Error      
/ µA/mM 
-0.05 0.150 0.088 ± 0.005 0.027 † † 
 
† LOD and sensitivity values not calculated. 
5.2.1.7.2        Interference from Chloride at SPE/fMWCNT-Aunano/Pdnano Films 
Although it was hoped that the presence of Pd would reduce the anti-fouling effects 
of chloride, chlorides also had a negative effect on glucose detection at this fMWCNT-
Aunano/Pdnano film.  As can be seen in Figure 2.25, with the presence of 0.10 M NaCl, 
the characteristic Pd oxide reduction peak is essentially eliminated.  This is assumed 
to be a result of surface fouling, in which the chloride may be causing a surface 
passivation.  Also, no glucose detection is possible.  To add to this negative result, 
glucose detection using CPA is also not possible.  These results further demonstrate 
the negative effects that chlorides pose to some non-enzymatic glucose sensors. 
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5.2.1.8     Oxidation of Interferants in the Absence of Glucose at all   
Composite Films 
The oxidation of each interferant using CPA in the absence of glucose was investigated 
at the fMWCNT-Aunano, fMWCNT-Aunano/Nafion
® and the fMWCNT-Aunano/Pdnano 
modified SPEs.  This was conducted due to the possibility that the current responses 
obtained during previous CPA analyses in the presence of glucose may be 
underestimated.  Physiological levels of each interferant were analysed and data are 
displayed in Figure 5.26 and Figure 5.27 for the fMWCNT-Aunano films and the 
fMWCNT-Aunano/Pdnano film, respectively.   
As with previous findings, no evidence of UA, fructose or acetaminophen oxidation 
is apparent at either the fMWCNT-Aunano or fMWCNT-Aunano/Nafion
® films.  
Oxidation of AA and galactose is possible, albeit not significant.  At the fMWCNT-
Aunano and fMWCNT-Aunano/Nafion
® film, currents of 0.81 × 10-6 A (0.81 μA) and 
0.45 × 10-7 A (0.045 μA) are obtained for 0.10 mM AA in the absence of glucose, 
respectively.  With previous CPA experiments in the presence of glucose, Section 
5.2.1.1.1, no oxidation responses is visible for 0.10 mM AA at the fMWCNT-Aunano 
 
Figure 5.25: Cyclic voltammogram, recorded at 100  mV s-1, of the fMWCNT-Aunano/Pdnano 
modified SPE in a - - - 0.10 M PBS solution (pH 7.40), a ---- 0.10 M PBS solution (pH 
7.40) containing 0.10 M sodium chloride and ----  this solution containing 10.0 mM glucose. 
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or fMWCNT-Aunano/Nafion
® films, respectively.  This indicates that masking of the 
AA currents is occurring.  Nonetheless the currents for AA are not significant in 
comparison to those obtained for glucose, as shown in Section 5.2.1.1.1.  Currents of 
1.34 × 10-6 A (1.34 μA) and 0.24 × 10-6 A (0.24 μA) are obtained for 0.55 mM 
galactose in the absence of glucose at the fMWCNT-Aunano and fMWCNT-
Aunano/Nafion
® films, respectively.  In comparison to the CPA experiments in the 
presence of glucose, Section 5.2.1.3.1, a much smaller current of 0.30 × 10-6 A (0.30 
μA) is obtained for 0.55 mM galactose at the fMWCNT-Aunano film, although a similar 
current response of 0.23 × 10-6 A (0.23 μA) is measured at the fMWCNT-
Aunano/Nafion
® film.  This indicates that some current masking by glucose is occurring 
at the fMWCNT-Aunano
 films during CPA.  Nonetheless interference from galactose is 
not deemed to be significant as currents are small in comparison to those of glucose, 
shown in Section 5.2.1.3.1.  It can be seen that the use of Nafion® greatly limits 
interference from both AA and galactose, although as discussed this membrane 
equally hinders the extent of glucose detection.  In this study, shown in Figure 5.26, 
interference from 0.10 mM AA has been reduced by over 90% and 80% for 0.55 mM 
galactose with the use of Nafion®.  Although AA, galactose and fructose are not major 
sources of interference at these films, it has been shown in Sections 5.2.1.2.1 and 
5.2.1.5.1 that acetaminophen and UA cause interference. 
Current data obtained at the fMWCNT-Aunano/Pdnano is shown in Figure 5.27.  As 
expected, no oxidation currents are obtained for most interferants at this film.  A slight 
oxidation response for 0.55 mM galactose is achieved which is very small in 
comparison to those obtained during glucose oxidation, as seen in Section 5.2.1.3.2.  
As discussed in Section 5.2.1.3.2, no oxidation of 0.55 mM galactose is apparent in 
the presence of glucose.  This indicates again that current masking by glucose is also 
occurring during CPA at the fMWCNT-Aunano/Pdnano film.  Although these 
interference results seem promising, most interferants appear to possess poisoning 
properties at this bi-metallic system and as such it is not suitable for selective non-
enzymatic glucose sensing. 
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Figure 5.26: Current responses measured using CPA at -0.05 V vs. Ag/AgCl for the 
oxidation of all interferants at physiological concentrations in 0.10 M PBS (pH 7.40) at the 
---- fMWCNT-Aunano and ---- fMWCNT-Aunano/Nafion® modified SPEs, n = 3. 
 
Figure 5.27: Current responses measured using CPA at -0.45 V vs. Ag/AgCl for the 
oxidation of all interferants at physiological concentrations in 0.10 M PBS (pH 7.40) at the 
---- fMWCNT-Aunano/Pdnano modified SPEs, n = 3. 
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5.2.2 Reusability of all Composite Modified SPEs 
5.2.2.1     fMWCNT-Aunano and fMWCNT-Aunano/Nafion® Modified SPEs 
As with all chemical sensors, the prospect of sensor reusability is an attractive 
attribute.  As such, the reusability of each sensor was investigated using CPA.  Prior 
to each glucose measurement, the electrodes were cycled in a 0.10 M PBS solution 
using CV to remove any adsorbed glucose and were then held at the relevant applied 
potentials during CPA to yield steady-state current responses.  Re-measurements were 
carried out quickly and sensors were not stored for periods of time between 
measurements.  Results are displayed in Figure 5.28 (a) and (b) for the fMWCNT-
Aunano and fMWCNT-Aunano/Nafion
® composite films, respectively.  Overall it is clear 
that the currents obtained remain quite constant over the various uses for both sensors.  
These results indicate that both sensors retain accuracy over successive use. 
5.2.2.2      fMWCNT-Aunano/Pdnano Modified SPEs 
Following the same trend as the previous sensors, the fMWCNT-Aunano/Pdnano 
modified SPE also displayed a good degree of reusability.  Current responses for 
glucose were relatively stable over use.  Again, these results indicate that accuracy can 
 
Figure 5.28: Current responses for the oxidation of 10.0 mM glucose in 0.10 M PBS (pH 
7.40) at the (a) fMWCNT-Aunano and (b) fMWCNT-Aunano/Nafion® modified SPEs over 
various uses, n = 3. 
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be retained over successive use which is an ideal quality to have for electrochemical 
sensing. 
5.2.3 Shelf-Life Studies of all Composite Modified SPEs 
5.2.3.1      fMWCNT-Aunano and fMWCNT-Aunano/Nafion® Modified SPEs 
As with reusability, it was important to investigate the shelf-life and to ascertain the 
ideal storage conditions for the chemical sensors.  In this study, each sensor was tested 
over a period of time, from days to weeks.  Between testing, the sensors were stored 
in either 0.10 M PBS solution of pH 7.40 or in air.  This was to determine the most 
appropriate means of storage for each sensor. 
Results for the fMWCNT-Aunano modified SPEs are displayed in Figure 5.30.  It is 
clear that the current responses for 10.0 mM glucose are initially the same, as expected 
and they agree with the responses obtained previously for this sensor, data shown in 
Chapter 3.  However, having been stored for more than 24 h (Day 2) their effectiveness 
decreases substantially.  Over this period, the sensitivities of the fMWCNT-Aunano 
sensors stored in PBS and in air decrease by over 30% in each instance.  This trend is 
seen for this sensor stored both in air and PBS and is proportional to storage time.   The 
 
Figure 5.29: Current responses for the oxidation of 10.0 mM glucose in 0.10 M PBS (pH 
7.40) at the fMWCNT-Aunano/Pdnano modified SPE over various uses, n = 3. 
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storage conditions play a significant role in the sensors sensitivity over time.  It can be 
seen that storage in air provides the best results as the decreases in the current 
responses for glucose are not as significant over time, in comparison to those stored 
in PBS.  All of these sensors stored in PBS cease to work completely at Day 14, 
although those stored in air remain responsive to at least Day 28, but with significantly 
decreased sensitivities.  It was thought that storage in PBS may have resulted in 
damaging reactions between both the composite films and the other electrical 
components of the SPE and species in the storage solution.  It is possible that surface 
oxides may be impeding the glucose oxidation. To remove these possible oxides, the 
sensors may have been scanned towards negative ‘reduction’ potentials in a medium 
such a H2SO4.  This however was not investigated.  Overall, these results are not 
promising and indicate limitations in stability of these sensors over time 
With the fMWCNT-Aunano/Nafion
® modified SPEs results were slightly different.  
The sensors stored in both PBS and in air retain their stability and sensitivity towards 
glucose after 24 h (Day 2), unlike those without the Nafion® membrane.  On Day 3 the 
sensors stored in air again retain the sensitivity although those stored in PBS do not.  
On Day 3 the sensitivity of the fMWCNT-Aunano/Nafion
® sensors stored in PBS 
 
Figure 5.30: Current responses for the oxidation of 10.0 mM glucose in 0.10 M PBS (pH 
7.40) at the fMWCNT-Aunano modified SPEs, that were stored in ---- PBS and in ---- air, 
over time, n = 3. 
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decreases by 30%.  After Day 3, the sensitivities of all sensors declines, regardless of 
storage conditions.  From Day 14 onwards the sensors stored in PBS do not work, 
similar to the previous fMWCNT-Aunano sensor.  Those stored in air also perform for 
longer periods of time, over 28 days, although with decreased sensitivities. 
5.2.3.2      fMWCNT-Aunano/Pdnano Modified SPEs 
Again with the fMWCNT-Aunano/Pdnano modified SPE, a similar overall trend in shelf-
life is observed, Figure 5.32.  Initially, the sensitivity for glucose drops after 24 h for 
all sensors stored in both PBS and air and this trend is proportional to storage time.  
On Day 2 the fMWCNT-Aunano/Pdnano sensors stored in PBS and air have decreased 
by almost 20% and 30%, respectively.  Similarly to the other sensors, from Day 14 
onwards the sensors stored in PBS cease to work, although those in air remain 
responsive, albeit at reduced sensitivities.  This outcome from PBS storage is not 
expected to be as significant with this sensor as the current response shows an almost 
predictable trend with a gradual decrease seen over time.  The sensor stored in air is 
capable of detecting glucose for a much extended period of time, over 28 days, 
although as with previous sensors the sensitivities have decreased substantially. 
 
Figure 5.31: Current responses for the oxidation of 10.0 mM glucose in 0.10 M PBS (pH 
7.40) at the fMWCNT-Aunano/Nafion® modified SPEs, that were stored in ---- PBS and in -
--- air, over time, n = 3. 
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Overall, none of the three sensors show long term stability in either PBS or air, and as 
such they are not deemed appropriate for storage.  Indeed this may not be a promising 
conclusion but it can be mentioned that these sensors possess an excellent degree of 
reusability, as discussed previously in Section 5.2.2.  As mentioned, there is a 
possibility that oxides may surface oxides may have been formed on the sensing 
surfaces and this may have effected glucose detection.  The use of electrochemical 
cycling towards reduction potentials in an acidic medium may have been sufficient to 
remove these oxides and to regenerate the electroactive film, although this theory was 
not investigated. 
 
 
 
 
 
 
Figure 5.32: Current responses for the oxidation of 10.0 mM glucose in 0.10 M PBS (pH 
7.40) at the fMWCNT-Aunano/Pdnano modified SPE,  that were stored in ---- PBS and in ---
- air, over time, n = 3. 
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5.3 Summary of Results  
In this chapter results are presented on the effects of common chemical interferences 
at the fMWCNT-Aunano, fMWCNT-Aunano/Nafion
® and fMWCNT-Aunano/Pdnano 
composite modified SPEs.  Interference from two naturally occurring electroactive 
substances, AA and UA is investigated, along with the commonly used external 
influence acetaminophen.  Two carbohydrates, fructose and galactose were also tested 
and the effect of chloride and serum albumins on glucose detection was also examined.  
Other than the effects of chemical interference, sensor reusability and shelf-life and 
storage studies were carried out. 
In relation to chemical interference it was found that many of the interferants posed 
significant problems at the sensing films.  It was found that interference from AA at 
the fMWCNT-Aunano films was not that problematic at physiological concentrations.  
This may be due to the negative potential used for glucose detection, which may have 
not been ideal to oxidise AA.  As expected the use of Nafion® decreased the 
interference from AA even further, although the use of this membrane also greatly 
reduced the sensors response towards glucose.  Even though the sensitivity was 
reduced, the stability of the current responses for glucose in the presence of the 
Nafion® membrane were improved.  Overall it may be said that the use of Nafion® 
was not essential for selective detection of glucose in the presence of 0.10 mM AA at 
the fMWCNT-Aunano modified SPEs.  The same outcome was not apparent at the 
fMWCNT-Aunano/Pdnano films.  The presence of AA at these films caused significant 
poisoning of the surface which effected the films and impeded glucose detection.   
Although AA was not a source of interference at the fMWCNT-Aunano films, the other 
electroactive species UA posed many problems.  Upon injection of UA during CPA 
the current responses for glucose immediately decreased to the baseline.  The addition 
of further aliquots of glucose yielded no measurable current responses which suggest 
that UA caused significant surface poisoning.  As expected, the use of Nafion® greatly 
reduced the extent of its interference, although it did not eliminate it fully.  These 
results indicate that accurate glucose detection is not possible in the presence of 
hyperuricemic concentrations of UA.  Unfortunately, it was found that UA also 
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exhibited negative effects at the fMWCNT-Aunano/Pdnano films.  Again, it was clear 
that UA caused surface poisoning and reduced glucose detection.   
The electroactive substance acetaminophen was also found to be problematic during 
glucose sensing.  This interferant caused surface poisoning at all of the composite 
films but the use of Nafion® did reduce this slightly.  Neither of the carbohydrates, 
fructose or galactose, posed any significant issues at the fMWCNT-Aunano and 
fMWCNT-Aunano/Nafion
® films.  It was found that galactose was oxidisable at these 
films, although the currents were relatively insignificant in comparison to those 
obtained for glucose.  Fructose was not a source of interference, even at very high 
concentrations.  From these results it can be concluded that accurate glucose detection 
in the presence of both fructose and galactose is possible at the fMWCNT-Aunano and 
fMWCNT-Aunano/Nafion
® films.  This same conclusion could not be said for the 
fMWCNT-Aunano/Pdnano film.  Interference from either fructose or galactose was not 
expected at this film although results showed a drop in the currents for glucose when 
galactose was present and significant decrease when fructose was present.  This again 
indicates that surface poisoning is occurring and as such accurate glucose detection is 
not possible at fMWCNT-Aunano/Pdnano film in the presence of these interferants.  
Glucose detection at these composite films in the presence of relevant levels of 
chloride and serum albumins also yielded interesting results.  In regards to serum 
albumins, it was found that glucose detection was only possible at the fMWCNT-
Aunano/Nafion
® modified SPE due to protection from Nafion®.  Chloride also proved 
to be a major source of interference at the sensing films.  Sensitivities for glucose were 
significantly reduced by over 95% at the fMWCNT-Aunano films
 when physiological 
concentrations of chloride were present, which is in keeping with other studies using 
Au in non-enzymatic glucose sensors.  Although studies show that Pd can possess anti-
poisoning properties towards chloride, this was not the case at this fMWCNT-
Aunano/Pdnano sensor and glucose detection was not possible. 
Reusability studies of the sensors showed very promising results.  It was observed that 
accurate glucose detection was possible over the subsequent uses of each sensor.  
Shelf-life studies did not follow the same trend and it was found that the sensors 
responses for glucose decreased over time.  Even when stored for the short period of 
Chapter 5 
 
253 
 
24 h a sufficient decrease in the currents were observed.  It was found that storage in 
air was superior and that storage in PBS was not suitable. 
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6.1     Conclusions 
In this work, composite materials comprising of pristine (MWCNTs) and acid-
functionalised multiwalled carbon nanotubes (fMWCNTs) with gold nanoparticles 
(AuNPs), palladium nanoparticles (PdNPs) and a combination of both Au and Pd were 
synthesised and characterised and used in electrochemical sensors for the non-
enzymatic detection of glucose at physiological pH. 
Initial work was focused on synthetically reducing AuNPs onto the surface of non-
functionalised MWCNTs using the reducing agent sodium borohydride (NaBH4).  The 
composite was named MWCNT-Aunano(NaBH4).  Due to the hydrophobic nature of the 
MWCNTs, they were dispersed in a 1.0% sodium dodecyl sulfate (SDS) solution to 
create a homogeneous black suspension to which the reduction of the Au salt could be 
undertaken in.  The mixture was left for 5 min to react and the composite was then 
isolated and washed over a 0.45 µm membrane using vacuum filtration.  This isolation 
and purification step was carried out for all composite materials produced using the 
synthetic reduction method.  It was confirmed through EDX analysis that Au was 
present in the MWCNT-Aunano(NaBH4) composite and using AAS an Au loading of 
1% wt. was calculated.  This composite was then cast onto a GC electrode, from a 
dispersion produced in SDS, to form the electrochemical sensing surface.  A pre-
treatment step in 0.30 M NaOH was undertaken before each analysis.  In this step, the 
composite-modified GC electrode was cycled in the 0.30 M NaOH solution until redox 
peaks assigned to the redox activity of Au appeared and stabilised in the resulting CVs.  
This step was an essential step to remove the adsorbed SDS from the drop cast films 
and enabled glucose detection.  Glucose detection was carried out by cycling the sensor 
in a 0.10 M PBS solution (pH 7.40) containing concentrations of glucose ranging from 
1 – 10 mM.  The resulting CVs exhibited glucose oxidation peaks in both the forward 
and reverse scans, although that in the reverse scan, at 0.25 V vs. SCE, provided the 
largest current response and was therefore used to construct a calibration curve.  From 
the linear plot, a sensitivity value of 0.504 µA/mM was determined from the slope and 
using the currents of the blank responses in just 0.10 M PBS, a LOD value of 1.348 µM 
was calculated. 
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To try to improve the composite’s sensitivity towards glucose, the Au loading within 
the composite material was increased.  This was achieved through the use of the same 
synthetic procedure previously mentioned, although fMWCNTs were employed in 
place of pristine MWCNTs.  The defects sites formed on the surface of the carbon 
nanotubes during the acid functionalisation are beneficial for the deposition of AuNPs, 
as AuNPs tend to form around these sites.  Various fMWCNTs, formed from 
concentrated HNO3 reflux for 18 h, 24 h and 48 h were used during syntheses.  All of 
these composite materials provided films with improved sensitivity towards glucose, 
although the composite formed using the 24 h fMWCNTs provided optimum 
sensitivity.  This composite was named 24 h fMWCNT-Aunano(NaBH4) and was 
initially cast onto a GC electrode to form the composite-modified film.  A sensitivity 
value of 2.102 µA/mM was calculated from the linear calibration plot, which is a value 
over 300% higher than that measured using the MWCNT-Aunano(NaBH4) composite 
film.  The 24 h fMWCNT-Aunano(NaBH4) composite was fully characterised using 
techniques including SEM, TEM, EDX, AAS and XRD.  The composite contained 
crystalline face centered cubic (fcc) (111) AuNPs on the surface of the fMWCNTs 
with a mode diameter of 7.5 nm.  The Au loading was calculated to be 2.0 wt. from 
both EDX and AAS analysis.  The presence of AuNPs on the fMWCNTs was also 
suggested during Raman spectroscopy, as the characteristic G and D bands of the 
graphitic fMWCNTs were increased in intensity.  This occurrence is known as surface 
enhanced Raman scattering (SERs). 
To even further increase the films sensitivity towards glucose, an electrochemical 
cycling step in 0.5 M and 1.0 M H2SO4 was employed.  This step was used as a 
cleaning step to remove any adsorbed species remaining in the composite film, namely 
SDS and also to help remove oxides from the Au surfaces so that a maximum amount 
of Au metal could be exposed.  During this analyses, a large reduction peak at 0.90 V 
vs. SCE appeared, which corresponded to the reduction of Au oxide, which was 
produced in the forward cycles in H2SO4, and the intensity of these reduction peaks 
corresponded to the surface area of Au metal exposed in the film.  By cycling the 
modified GC electrodes in 0.5 M and 1.0 M H2SO4, the Au surface area could be 
increased to 0.2874 cm2 and 0.4562cm2, respectively.  This is much larger than the Au 
surface area of 0.0549 cm2 calculated at the MWCNT-Aunano(NaBH4) composite film.  
An overall increase in the capacitance was also evident in the CVs, which can be 
                                                                                                                         Chapter 6 
260 
 
related to a larger surface area.  As such, the 1.0 M H2SO4 pre-treatment step was used 
to ‘optimise’ the sensitivities of all prepared films.  The sensitivity of the 1.0 M H2SO4 
optimised film towards glucose was increased to 2.430 µA/mM, in comparison to that 
of 2.102 µA/mM obtained at the film without acid treatment.  Electrochemical 
Impedance Spectroscopy (EIS) was undertaken to investigate the changes in the 
capacitance and resistance at acid-treated and non-treated composite films.  It was 
found that the 1.0 M H2SO4 optimised film provided the highest capacitance values 
and lowest resistance values during EIS, which may be associated with an increase in 
surface area.  Using these optimised composite films, CPA analysis was then employed 
to detect glucose.  A constant potential of 0.30 V vs. SCE was used during CPA, which 
was deemed to be the optimum potential as it provided the largest current responses 
for glucose during analyses.   
In an attempt to further increase the sensors sensitivity, a new fMWCNT-Aunano 
composite was produced using different synthesis conditions and the reducing agent 
trisodium citrate (TriSodCit).  This new composite was named fMWCNT-
Aunano(TriSodCit).  Through characterisation studies it was found that the fMWCNT-
Aunano(TriSodCit) composite contained an increased Au loading at 5.0% wt. and that 
fcc (111) AuNPs were formed with a mode diameter of 23 nm.  From high resolution 
TEM work, lattice fringes were visible on the AuNPs and by measuring the distance 
between these fringes, the inter-atomic distance, it was also determined that fcc AuNPs 
were produced.  The composite film formed provided a higher sensitivity towards 
glucose due to its higher loading of Au and larger Au exposed surface area.  A 
sensitivity value of 4.070 µA/mM was calculated from the glucose calibration curve.  
Although the sensitivity was improved, the use of this composite material was not 
continued due to stability reasons.  When this material was dispersed in a SDS solution 
for casting onto the GC electrodes, the resulting dispersions only produced sensitive 
films for one or two days.  It was assumed that AuNP aggregation was occurring in 
the concentrated dispersions, possibly due to their larger size and closer proximity to 
one another.  As such, further work was only undertaken using the fMWCNT-
Aunano(NaBH4) composite material. 
Having optimised the detection system on the GC electrodes, the system was then 
miniaturised through the use of carbon screen-printed electrodes (SPEs).  Two types 
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of SPEs were used, one containing a planar-type carbon working electrode and the 
other with an ordered macroporous carbon working electrode.  The macroporous SPEs 
were used to investigate possible improvements in glucose sensitivity, as they 
reportedly contained a higher surface area.  Although, no improvements in sensitivity 
were seen and as such only the planar SPEs were further used.  CPA was again 
employed for glucose detection at the modified SPEs, although the applied potential 
was modified to -0.05 V vs. Ag/AgCl, due to the different reference electrode used.  
These modified SPEs, provided an improved sensitivity towards glucose, measured to 
be 2.766 µA/mM.  A lower LOD of 0.049 µM was also calculated from the background 
currents during CPA analysis.  Another benefit of these much smaller systems was that 
steady-state baseline currents could be achieved much faster during CPA, in 
comparison to the previous GC electrochemical systems. 
The application of Nafion® on the modified SPEs was investigated for the purpose of 
improved selectivity for glucose in the presence of possible interferants.  Chemical 
interferants studied included, AA, UA, Fructose, Galactose, Acetaminophen, BSA and 
Chloride.  Although it was found that Nafion® did in fact reduce interference and 
increase selectivity, it also acted as a diffusion barrier towards glucose and as such 
decreased the sensors sensitivity.  Because of this, the next approach was to attempt to 
eliminate the use of Nafion®, through the use of a different type of composite.  A new 
bi-metallic composite was produced by electrodepositing PdNPs onto the surface of 
pre-prepared and optimised fMWCNT-Aunano(NaBH4) modified SPEs.  These 
composite films were named fMWCNT-Aunano/Pdnano and consisted of PdNPs with a 
mode diameter of 95 nm and contained an estimated Pd loading of about 3% wt., from 
EDX analysis. 
Using these bi-metallic films, it was possible to detect glucose at a more negative 
potential of -0.45 V vs. Ag/AgCl, in comparison to the -0.05 V vs. Ag/AgCl previously 
used.  This shift in the onset of oxidation may have been due to a change in the work 
function of the bi-metallic composite.  A more positive film may have been formed 
which could have shifted the potential of zero charge towards a more negative 
potential, thus resulting in the formation of the catalytically active Au(OH)ads at more 
negative potentials.  It was hoped that the use of this negative potential would not 
facilitate the oxidation of interferant species, such as AA and UA, which commonly 
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oxidise towards more positive potentials and would also reduce their interference at 
the films surface.  Although these films could facilitate glucose detection at more 
negative potentials, it was found that they were not useful for selective sensing as 
interference was significant using all of the interferants studied.  Overall the 
fMWCNT-Aunano and fMWCNT-Aunano/Nafion
® modified sensors were far superior 
in regards to anti-interference and also sensitivity. 
Reusability studies and storage studies were carried out with the optimised fMWCNT-
Aunano, fMWCNT-Aunano/Nafion
® and fMWCNT-Aunano/Pdnano composite modified 
SPEs.  It was found that all sensors were capable of accurately detecting glucose over 
twelve successive uses, although they were found not to be suitable for storage in either 
air or PBS as their sensitivity towards glucose decreased significantly after a very short 
time in storage.  This reduction in sensitivity may be a result of oxides being formed 
on the exposed Au and Pd surfaces over time and also due to oxidative damage of the 
SPE circuits.  A more appropriate study may have involved their storage in air/oxygen 
free environments, those commonly used for storage of commercial glucose sensors. 
6.2     Future Work 
There are a number of potential applications that could be associated with the 
composite sensors produced.  The detection of glucose non-enzymatically could be 
continued and research could be focused on improving the sensors selectivity towards 
glucose and on reducing poisoning by coexisting substances present in the blood.  This 
may be possible through further use of a negatively charged membrane such as 
Nafion®, although the problem of chloride poisoning would still exist.  Investigation 
into the use of other bi-metallic or alloy composites that may be resistant to chloride 
poisoning could be carried out.  The fMWCNT-Aunano material could be used as a base 
material to create such alloys.  In recent work by Wang et al.1 it has been reported that 
platinum (Pt) metal also suffers from chloride poisoning during glucose detection, 
although when combined with lead (Pb) in varying ratios to form the bi-metallic alloy 
(Pt-Pb), the sensors were capable of detecting glucose while being highly resistant to 
chloride poisoning.  However, in this current thesis work, the bi-metallic system 
studied, Au-Pd, did not possess such qualities.  If both the selectivity was optimised 
and the poisoning by substances was eliminated, a next step could be focussed on 
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selectively testing for glucose in real blood samples.  Although, due to the issues 
present in non-enzymatic glucose sensing, the composite sensors may find more 
suitable applications in other electrochemical detection systems.  For example, during 
the interference studies it was found that acetaminophen could be detected at the 
composite films, as faradaic redox processes were visible in the CVs.  Other potentially 
detectable molecules at carbon and gold based electrodes may include DNA 2, 
hydrogen peroxide 3 and various neurotransmitters such as cortisol 4, androsterone 4 
and dopamine 5 and the  neurotransmitter precursor L-DOPA 6. 
Due to the large surface areas of Au present in the prepared composite films, these 
films may also find applications in heterogenous catalysis.  Recent work by Shanahan 
et al.7, reports the use of AuNP-single walled carbon nanotube composites for a 
solvent-less aerobic oxidation of a secondary alcohol.  The use of AuNPs within fuel 
cells has also been reported.  In a study by Matsuoka et al. 8 it has been shown that 
films containing AuNPs can be used in direct methanol fuel cells.  A recent report by 
Kulesza 9 et al. also discusses the use of AuNPs and their alloys in carbon monoxide 
and alcohol fuel cells. 
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David Branagan and Carmel Breslin, “Non-Enzymatic Selective Detection of Glucose 
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MATERIALS & SURFACE SCIENCE INSTITUTE 
 
UNIVERSITY of LIMERICK 
 
David Branagan 
National University of Ireland Maynooth 
Department of Chemistry  
Maynooth 
Co. Kildare 
Re: Quotation No. MSSI14Q112XRD 
SAMPLE: 3 Samples for XRD 
DATE REPORTED: 30th July 2014 
INTRODUCTION 
Three multi-walled carbon nanotube samples were received for XRD scan. 
TECHNICAL DETAILS 
SAMPLE PREPARATION:  Samples were on Chi-Phi stage.  All run under same 
conditions. 
ANALYSIS TYPE: X-Ray Diffraction 
INSTRUMENT: PANalytical Empyrean 
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RESULTS    As seen in the following pages 
ATTACHMENTS   .XRDML ; .csv 
Dr. Wynette Redington 
Research Fellow, MSSI 
Anchor Scan Parameters: Sample 1-Au_CNT 
Dataset Name Sample 1-Au_CNT 
File name C:\XRD Data\Wynette\NUI Maynooth\2014-July24\July28\Sample 1-
Au_CNT.xrdml 
Comment Configuration=Chi-Phi-z Stage, Owner=User-1, Creation 
date=2/20/2012 9:05:27 AM 
      Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step 
size Omega:0.0001 
      Sample stage=Chi-Phi-z stage 240 mm (reflection); Minimum step size 
Phi:0.01; Minimum step size Chi:0.01; Minimum step size Z:0.001 
      Diffractometer system=EMPYREAN 
      Measurement program=C:\PANalytical\Data 
Collector\Programs\Wynette\ChiPhi-GonioProgs\Chi-Phi--Focus-gonio.xrdmp, 
Identifier=67C559EF-52C2-4C84-BB9C-415BF3647818 
Measurement Date / Time 7/28/2014 12:08:13 PM 
Operator User 
Raw Data Origin XRD measurement (*.XRDML) 
Scan Axis Gonio 
Start Position [°2Th.] 10.0091 
End Position [°2Th.] 79.9881 
Step Size [°2Th.] 0.0130 
Scan Step Time [s] 58.3950 
Scan Type Continuous 
PSD Mode Scanning 
PSD Length [°2Th.] 3.35 
Offset [°2Th.] 0.0000 
Divergence Slit Type Fixed 
Divergence Slit Size [°] 0.2177 
Specimen Length [mm] 10.00 
Measurement Temperature [°C] 25.00 
Anode Material Cu 
K-Alpha1 [Å] 1.54060 
K-Alpha2 [Å] 1.54443 
K-Beta [Å] 1.39225 
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K-A2 / K-A1 Ratio 0.50000 
Generator Settings 40 mA, 40 kV 
Diffractometer Type 0000000011121830 
Diffractometer Number 0 
Goniometer Radius [mm] 240.00 
Dist. Focus-Diverg. Slit [mm] 100.00 
Incident Beam Monochromator No 
Spinning No 
 
Graphics: Sample 1-Au_CNT 
 
 
  
Position [°2Theta] (Copper (Cu))
20 30 40 50 60 70
Counts
0
5000
10000
 Sample 1-Au_CNT
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Peak List: Sample 1-Au_CNT 
Pos. 
[°2Th.] 
Height 
[cts] 
FWHM 
Left 
[°2Th.] 
d-spacing 
[Å] 
Rel. Int. 
[%] 
Tip Width Matched 
by 
25.5398 1869.51 0.0780 3.48494 17.83 0.0936  
25.6228 2646.01 0.0895 3.47673 25.24 0.1075  
26.5774 10484.70 0.2047 3.35397 100.00 0.2456 98-001-
7197 
27.4861 1156.05 0.1407 3.24512 11.03 0.1689  
32.2745 46.91 0.3070 2.77376 0.45 0.3684  
35.0937 3517.36 0.0936 2.55501 33.55 0.1123  
35.2101 6554.40 0.0780 2.54683 62.51 0.0936  
35.3268 2069.07 0.0468 2.54499 19.73 0.0562  
36.1359 318.06 0.2184 2.48367 3.03 0.2621  
37.7221 720.10 0.0624 2.38280 6.87 0.0749  
37.8392 1139.80 0.1092 2.37570 10.87 0.1310  
38.1717 603.10 0.0468 2.35577 5.75 0.0562 98-005-
1004 
39.2489 45.76 0.1872 2.29355 0.44 0.2246  
39.7153 1276.07 0.0780 2.26769 12.17 0.0936  
39.8270 2207.91 0.1404 2.26158 21.06 0.1685  
41.3001 152.27 0.2184 2.18426 1.45 0.2621  
41.7370 164.12 0.0936 2.16240 1.57 0.1123  
43.2893 2341.68 0.0624 2.08838 22.33 0.0749 98-001-
7197 
43.4031 3975.19 0.1092 2.08317 37.91 0.1310 98-001-
7197 
43.5485 1165.82 0.0624 2.08171 11.12 0.0749  
44.4130 439.48 0.0780 2.03812 4.19 0.0936 98-005-
1004 
46.2122 692.63 0.1248 1.96287 6.61 0.1498 98-001-
7197 
46.3141 1038.19 0.1092 1.95879 9.90 0.1310 98-001-
7197 
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52.4851 1102.63 0.0780 1.74208 10.52 0.0936  
52.6196 1950.55 0.1092 1.73794 18.60 0.1310  
52.7618 793.70 0.0780 1.73790 7.57 0.0936  
54.3923 368.39 0.2184 1.68542 3.51 0.2621  
54.6571 280.35 0.2496 1.67787 2.67 0.2995 98-001-
7197 
56.6836 113.51 0.3120 1.62260 1.08 0.3744 98-001-
7197 
57.4409 3697.18 0.0936 1.60300 35.26 0.1123  
57.5704 5516.70 0.0624 1.59970 52.62 0.0749  
57.7324 2233.73 0.0624 1.59956 21.30 0.0749  
59.7674 64.84 0.2496 1.54604 0.62 0.2995  
61.2740 646.00 0.0780 1.51158 6.16 0.0936  
61.3734 701.02 0.0468 1.51313 6.69 0.0562  
61.5423 282.18 0.0624 1.50564 2.69 0.0749  
64.1445 47.42 0.1872 1.45069 0.45 0.2246  
64.5243 249.56 0.0936 1.44306 2.38 0.1123 98-005-
1004 
64.7241 132.92 0.0936 1.44267 1.27 0.1123  
66.4588 797.99 0.0780 1.40567 7.61 0.0936  
66.5910 1120.14 0.0624 1.40321 10.68 0.0749  
66.7647 523.08 0.0780 1.40345 4.99 0.0936  
67.4391 477.17 0.1248 1.38760 4.55 0.1498  
67.7410 281.42 0.0936 1.38559 2.68 0.1123  
68.1934 1241.03 0.1092 1.37408 11.84 0.1310  
68.2733 1188.74 0.0780 1.37267 11.34 0.0936  
68.4737 577.82 0.0780 1.37254 5.51 0.0936  
69.0485 106.35 0.2184 1.35914 1.01 0.2621  
70.4417 36.94 0.2496 1.33563 0.35 0.2995  
74.3108 85.70 0.1872 1.27537 0.82 0.2246  
76.8170 1275.76 0.0780 1.23989 12.17 0.0936  
76.9298 1340.49 0.0780 1.23835 12.79 0.0936  
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77.1674 1061.26 0.0936 1.23513 10.12 0.1123  
77.2986 655.35 0.0624 1.23336 6.25 0.0749  
77.4785 494.18 0.1248 1.23095 4.71 0.1498 98-005-
1004; 98-
001-7197 
 
 
Identified Patterns List: Sample 1-Au_CNT 
Visible Ref. Code Score Compound 
Name 
Displacem
ent [°2Th.] 
Scale 
Factor 
Chemical 
Formula 
* 98-005-
1004 
48 Gold 0.002 0.061 Au1 
* 98-001-
7197 
38 Graphite 
3R 
-0.048 1.016 C1 
Plot of Identified Phases: Sample 1-Au_CNT 
 
 
Document History: Sample 1-Au_CNT 
Insert Measurement: 
- File name = "Sample 1-Au_CNT.xrdml" 
- Modification time = "7/29/2014 9:45:51 AM" 
Position [°2Theta] (Copper (Cu))
30 40 50 60 70 80
 Peak List
 98-005-1004
 98-001-7197
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- Modification editor = "User" 
 
Default properties: 
- Measurement step axis = "None" 
- Internal wavelengths used from anode material: Copper (Cu) 
- Original K-Alpha1 wavelength = "1.54060" 
- Used K-Alpha1 wavelength = "1.54060" 
- Original K-Alpha2 wavelength = "1.54443" 
- Used K-Alpha2 wavelength = "1.54443" 
- Original K-Beta wavelength = "1.39225" 
- Used K-Beta wavelength = "1.39225" 
- Irradiated length = "10.00000" 
- Spinner used = "No" 
- Receiving slit size = "0.10000" 
- Step axis value = "0.00000" 
- Offset = "0.00000" 
- Sample length = "10.00000" 
- Modification time = "7/29/2014 9:45:51 AM" 
- Modification editor = "User" 
 
Interpolate Step Size: 
- Derived = "Yes" 
- Step Size = "0.01" 
- Modification time = "7/29/2014 9:45:51 AM" 
- Modification editor = "PANalytical" 
 
Determine Background: 
- Add to net scan = "Nothing" 
- User defined intensity = "-5" 
- Correction method = "Automatic" 
- Bending factor = "1" 
- Minimum significance = "0.7" 
- Minimum tip width = "0" 
- Maximum tip width = "1" 
- Peak base width = "2" 
- Use smoothed input data = "Yes" 
- Granularity = "20" 
- Modification time = "7/28/2014 3:14:26 PM" 
- Modification editor = "User" 
 
Search Peaks: 
- Minimum significance = "2" 
- Minimum tip width = "0.01" 
- Maximum tip width = "1" 
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- Peak base width = "2" 
- Method = "Top of smoothed peak" 
- Modification time = "7/28/2014 3:14:36 PM" 
- Modification editor = "User" 
 
Search & Match: 
- Allow pattern shift = "Yes" 
- Auto residue = "Yes" 
- Data source = "Profile and peak list" 
- Demote unmatched strong = "No" 
- Multi phase = "Yes" 
- Restriction set = "Untitled" 
- Restriction = "Restriction set" 
- Subset name = "" 
- Match intensity = "Yes" 
- Two theta shift = "0" 
- Identify = "Yes" 
- Max. no. of accepted patterns = "5" 
- Minimum score = "5" 
- Min. new lines / total lines = "60" 
- Search depth = "10" 
- Minimum new lines = "5" 
- Minimum scale factor = "0.1" 
- Intensity threshold = "0" 
- Use line clustering = "Yes" 
- Line cluster range = "1.5" 
- Search sensitivity = "1.8" 
- Use adaptive smoothing = "Yes" 
- Smoothing range = "1.5" 
- Threshold factor = "3" 
- Modification time = "7/29/2014 9:46:31 AM" 
- Modification editor = "User" 
 
Search & Match: 
- Allow pattern shift = "Yes" 
- Auto residue = "Yes" 
- Data source = "Profile and peak list" 
- Demote unmatched strong = "No" 
- Multi phase = "Yes" 
- Restriction set = "Untitled" 
- Restriction = "Restriction set" 
- Subset name = "" 
- Match intensity = "Yes" 
- Two theta shift = "0" 
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- Identify = "Yes" 
- Max. no. of accepted patterns = "5" 
- Minimum score = "5" 
- Min. new lines / total lines = "60" 
- Search depth = "10" 
- Minimum new lines = "5" 
- Minimum scale factor = "0.1" 
- Intensity threshold = "0" 
- Use line clustering = "Yes" 
- Line cluster range = "1.5" 
- Search sensitivity = "1.8" 
- Use adaptive smoothing = "Yes" 
- Smoothing range = "1.5" 
- Threshold factor = "3" 
- Modification time = "7/29/2014 9:46:48 AM" 
- Modification editor = "User" 
 
Anchor Scan Parameters: Sample 2_PdCNT-2 
Dataset Name Sample 2_PdCNT-2 
File name C:\XRD Data\Wynette\NUI Maynooth\2014-July24\July28\Sample 
2_PdCNT-2.xrdml 
Comment Configuration=Chi-Phi-z Stage, Owner=User-1, Creation 
date=2/20/2012 9:05:27 AM 
      Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step 
size Omega:0.0001 
      Sample stage=Chi-Phi-z stage 240 mm (reflection); Minimum step size 
Phi:0.01; Minimum step size Chi:0.01; Minimum step size Z:0.001 
      Diffractometer system=EMPYREAN 
      Measurement program=C:\PANalytical\Data 
Collector\Programs\Wynette\ChiPhi-GonioProgs\Chi-Phi--Focus-gonio.xrdmp, 
Identifier=67C559EF-52C2-4C84-BB9C-415BF3647818 
Measurement Date / Time 7/28/2014 3:28:01 PM 
Operator User 
Raw Data Origin XRD measurement (*.XRDML) 
Scan Axis Gonio 
Start Position [°2Th.] 10.0091 
End Position [°2Th.] 79.9881 
Step Size [°2Th.] 0.0130 
Scan Step Time [s] 58.3950 
Scan Type Continuous 
PSD Mode Scanning 
PSD Length [°2Th.] 3.35 
Offset [°2Th.] 0.0000 
Divergence Slit Type Fixed 
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Divergence Slit Size [°] 0.2177 
Specimen Length [mm] 10.00 
Measurement Temperature [°C] 25.00 
Anode Material Cu 
K-Alpha1 [Å] 1.54060 
K-Alpha2 [Å] 1.54443 
K-Beta [Å] 1.39225 
K-A2 / K-A1 Ratio 0.50000 
Generator Settings 40 mA, 40 kV 
Diffractometer Type 0000000011121830 
Diffractometer Number 0 
Goniometer Radius [mm] 240.00 
Dist. Focus-Diverg. Slit [mm] 100.00 
Incident Beam Monochromator No 
Spinning No 
 
Graphics: Sample 2_PdCNT-2 
 
 
 
Peak List: Sample 2_PdCNT-2 
 
Position [°2Theta] (Copper (Cu))
20 30 40 50 60 70
Counts
0
5000
10000
 Sample 2_PdCNT-2
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Pos. 
[°2Th.] 
Height 
[cts] 
FWHM 
Left 
[°2Th.] 
d-spacing 
[Å] 
Rel. Int. 
[%] 
Tip Width Matched 
by 
25.5497 2261.01 0.1663 3.48650 24.47 0.1996  
26.5297 9239.00 0.1791 3.35990 100.00 0.2149 98-001-
7197 
27.3765 1099.89 0.1023 3.25786 11.90 0.1228  
32.3395 43.39 0.3070 2.76834 0.47 0.3684  
35.0172 2444.88 0.0468 2.56042 26.46 0.0562  
35.0935 4917.07 0.0780 2.55503 53.22 0.0936  
35.1659 4976.41 0.0512 2.55205 53.86 0.0614  
36.0239 313.33 0.0895 2.49321 3.39 0.1075  
37.7623 1042.09 0.0768 2.38233 11.28 0.0921  
38.1992 342.10 0.0624 2.35413 3.70 0.0749  
38.2984 185.88 0.0468 2.35410 2.01 0.0562  
39.6270 1304.96 0.0780 2.27254 14.12 0.0936 98-002-
2010 
39.7279 1997.46 0.0936 2.26700 21.62 0.1123 98-002-
2010 
41.1932 90.98 0.3120 2.18968 0.98 0.3744  
41.6584 116.78 0.2184 2.16630 1.26 0.2621  
43.3258 3655.28 0.1404 2.08671 39.56 0.1685 98-001-
7197 
43.3947 2974.31 0.0624 2.08873 32.19 0.0749  
44.0277 526.42 0.3744 2.05506 5.70 0.4493  
44.7481 279.62 0.0780 2.02363 3.03 0.0936  
46.1075 679.47 0.1092 1.96708 7.35 0.1310 98-001-
7197; 98-
002-2010 
46.2193 1014.87 0.0624 1.96258 10.98 0.0749 98-001-
7197; 98-
002-2010 
49.9887 24.18 0.9984 1.82307 0.26 1.1981  
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52.4204 949.47 0.0468 1.74408 10.28 0.0562 98-005-
4402 
52.5372 1720.16 0.1248 1.74048 18.62 0.1498  
54.2769 342.01 0.1872 1.68872 3.70 0.2246  
54.6142 276.90 0.2496 1.67909 3.00 0.2995 98-001-
7197 
56.6070 111.40 0.2496 1.62462 1.21 0.2995 98-001-
7197 
57.4692 4288.83 0.2496 1.60228 46.42 0.2995  
57.6436 2031.80 0.0780 1.60181 21.99 0.0936  
59.3959 336.23 0.0936 1.55482 3.64 0.1123  
61.2712 635.35 0.1872 1.51165 6.88 0.2246 98-005-
4402 
62.7840 24.74 0.3744 1.47881 0.27 0.4493  
64.0372 46.51 0.3744 1.45286 0.50 0.4493  
64.5458 92.63 0.0936 1.44264 1.00 0.1123  
66.4326 886.78 0.0780 1.40617 9.60 0.0936  
66.6998 444.15 0.0936 1.40466 4.81 0.1123  
67.4298 550.72 0.2184 1.38777 5.96 0.2621 98-002-
2010 
67.6369 270.54 0.0936 1.38747 2.93 0.1123  
68.1074 964.93 0.0780 1.37561 10.44 0.0936  
68.3992 553.33 0.0780 1.37385 5.99 0.0936  
68.9740 76.49 0.3120 1.36043 0.83 0.3744  
74.2689 102.16 0.2496 1.27599 1.11 0.2995  
76.7534 1007.40 0.0780 1.24076 10.90 0.0936  
76.8512 1498.73 0.0936 1.23942 16.22 0.1123 98-005-
4402 
77.1007 981.63 0.0780 1.23910 10.62 0.0936  
77.4326 312.25 0.1560 1.23156 3.38 0.1872 98-001-
7197 
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Identified Patterns List: Sample 2_PdCNT-2 
 
Visible Ref. Code Score Compound 
Name 
Displacem
ent [°2Th.] 
Scale 
Factor 
Chemical 
Formula 
* 98-001-
7197 
40 Graphite 
3R 
-0.100 1.005 C1 
* 98-002-
2010 
49 Palladium -0.199 0.204 Pd1 
* 98-005-
4402 
12 Carbon 0.153 0.006 C1 
 
 
 
Plot of Identified Phases: Sample 2_PdCNT- 
 
 
Anchor Scan Parameters: Sample 3-Au_PdCNT 
 
Dataset Name Sample 3-Au_PdCNT 
File name C:\XRD Data\Wynette\NUI Maynooth\2014-July24\July28\Sample 3-
Au_PdCNT.xrdml 
Comment Configuration=Chi-Phi-z Stage, Owner=User-1, Creation 
date=2/20/2012 9:05:27 AM 
Position [°2Theta] (Copper (Cu))
30 40 50 60 70 80
 Peak List
 98-001-7197
 98-002-2010
 98-005-4402
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      Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step 
size Omega:0.0001 
      Sample stage=Chi-Phi-z stage 240 mm (reflection); Minimum step size 
Phi:0.01; Minimum step size Chi:0.01; Minimum step size Z:0.001 
      Diffractometer system=EMPYREAN 
      Measurement program=C:\PANalytical\Data 
Collector\Programs\Wynette\ChiPhi-GonioProgs\Chi-Phi--Focus-gonio.xrdmp, 
Identifier=19D4F285-6384-4008-A611-83E2414CC55F 
Measurement Date / Time 7/28/2014 10:15:07 AM 
Operator User 
Raw Data Origin XRD measurement (*.XRDML) 
Scan Axis Gonio 
Start Position [°2Th.] 10.0091 
End Position [°2Th.] 79.9881 
Step Size [°2Th.] 0.0130 
Scan Step Time [s] 58.3950 
Scan Type Continuous 
PSD Mode Scanning 
PSD Length [°2Th.] 3.35 
Offset [°2Th.] 0.0000 
Divergence Slit Type Fixed 
Divergence Slit Size [°] 0.2177 
Specimen Length [mm] 10.00 
Measurement Temperature [°C] 25.00 
Anode Material Cu 
K-Alpha1 [Å] 1.54060 
K-Alpha2 [Å] 1.54443 
K-Beta [Å] 1.39225 
K-A2 / K-A1 Ratio 0.50000 
Generator Settings 40 mA, 40 kV 
Diffractometer Type 0000000011121830 
Diffractometer Number 0 
Goniometer Radius [mm] 240.00 
Dist. Focus-Diverg. Slit [mm] 100.00 
Incident Beam Monochromator No 
Spinning No 
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Graphics: Sample 3-Au_PdCNT 
 
 
 
Peak List: Sample 3-Au_PdCNT 
 
Pos. 
[°2Th.] 
Height 
[cts] 
FWHM 
Left 
[°2Th.] 
d-spacing 
[Å] 
Rel. Int. 
[%] 
Tip Width Matched 
by 
21.7061 94.04 0.1535 4.09440 1.46 0.1842  
25.0885 993.06 0.0384 3.54954 15.37 0.0461  
25.3372 2119.05 0.1407 3.51525 32.79 0.1689  
26.3548 684.12 0.0640 3.38180 10.59 0.0768 98-006-
2959 
26.9741 4209.04 0.1279 3.30555 65.13 0.1535  
27.2206 2259.27 0.1023 3.27617 34.96 0.1228  
28.2289 151.21 0.2047 3.16139 2.34 0.2456  
29.4125 108.80 0.1535 3.03682 1.68 0.1842  
30.2048 81.59 0.2558 2.95894 1.26 0.3070  
34.7632 3980.45 0.0624 2.57854 61.59 0.0749  
Position [°2Theta] (Copper (Cu))
20 30 40 50 60 70
Counts
0
2000
4000
6000
 Sample 3-Au_PdCNT
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34.8561 5378.22 0.0468 2.57188 83.22 0.0562  
34.9298 5463.22 0.0512 2.56875 84.54 0.0614  
35.6899 790.31 0.2047 2.51577 12.23 0.2456  
37.5647 1068.78 0.0468 2.39242 16.54 0.0562  
38.0581 93.85 0.3070 2.36449 1.45 0.3684  
39.3103 2182.02 0.0936 2.29011 33.77 0.1123 98-007-
0933 
39.4223 4191.16 0.0780 2.28387 64.86 0.0936 98-002-
2010; 98-
007-0933 
39.5263 4777.12 0.1023 2.27998 73.92 0.1228 98-002-
2010; 98-
007-0933 
40.8742 305.61 0.2303 2.20786 4.73 0.2763  
41.3859 139.31 0.2047 2.18173 2.16 0.2456  
42.9185 2424.89 0.1872 2.10557 37.52 0.2246  
43.1240 4641.86 0.0936 2.09601 71.83 0.1123  
43.2627 1845.02 0.0624 2.09480 28.55 0.0749  
43.8458 603.41 0.4992 2.06316 9.34 0.5990 98-007-
0764 
45.9840 2278.90 0.1560 1.97208 35.26 0.1872 98-002-
2010 
52.2015 1542.36 0.1248 1.75088 23.87 0.1498  
52.3321 2076.57 0.1092 1.74681 32.13 0.1310  
52.4977 724.66 0.0780 1.74602 11.21 0.0936  
54.0734 596.01 0.2184 1.69460 9.22 0.2621 98-006-
2959 
56.3778 181.75 0.4368 1.63068 2.81 0.5242  
57.0127 2698.39 0.1092 1.61402 41.76 0.1310  
57.2214 5861.58 0.0936 1.60862 90.70 0.1123  
57.3040 6462.34 0.0624 1.61049 100.00 0.0749  
57.4779 2247.14 0.0780 1.60205 34.77 0.0936  
59.2065 352.27 0.0780 1.55934 5.45 0.0936  
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59.3595 227.90 0.0936 1.55568 3.53 0.1123  
60.8656 536.57 0.1560 1.52074 8.30 0.1872  
61.0845 886.36 0.1248 1.51582 13.72 0.1498  
62.5757 44.53 0.4368 1.48323 0.69 0.5242 98-006-
2959 
63.8219 76.02 0.3744 1.45724 1.18 0.4493  
66.1232 1034.98 0.0624 1.41199 16.02 0.0749  
66.3229 1565.40 0.1248 1.40823 24.22 0.1498  
66.5033 643.44 0.0936 1.40833 9.96 0.1123  
67.0595 841.00 0.1560 1.39453 13.01 0.1872  
67.1967 1203.56 0.2184 1.39202 18.62 0.2621 98-002-
2010 
67.7505 742.92 0.0780 1.38198 11.50 0.0936  
68.0106 1899.79 0.1404 1.37733 29.40 0.1685  
68.1825 825.02 0.1248 1.37769 12.77 0.1498  
68.7407 151.65 0.3744 1.36447 2.35 0.4493  
69.8621 23.43 0.7488 1.34529 0.36 0.8986  
74.0788 149.59 0.3120 1.27879 2.31 0.3744  
76.4526 1183.91 0.1716 1.24489 18.32 0.2059  
76.6976 2300.45 0.0780 1.24152 35.60 0.0936  
76.9031 1373.96 0.1248 1.23872 21.26 0.1498 98-007-
0764 
77.2646 397.43 0.1248 1.23689 6.15 0.1498  
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Identified Patterns List: Sample 3-Au_PdCNT 
 
Visible Ref. Code Score Compound 
Name 
Displacem
ent [°2Th.] 
Scale 
Factor 
Chemical 
Formula 
* 98-002-
2010 
38 Palladium -0.344 0.695 Pd1 
* 98-007-
0933 
28 Gold 
Palladium 
(1/1) 
0.181 0.412 Au1 Pd1 
* 98-006-
2959 
27 Graphite 
3R 
0.202 0.102 C1 
* 98-007-
0764 
9 Gold -0.359 0.217 Au1 
 
 
 
Plot of Identified Phases: Sample 3-Au_PdCNT 
 
Position [°2Theta] (Copper (Cu))
30 40 50 60 70 80
 Peak List
 98-002-2010
 98-007-0933
 98-006-2959
 98-007-0764
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Anchor Scan Parameters: BlueSurface-fullscan 
 
Dataset Name BlueSurface-fullscan 
File name C:\XRD Data\Wynette\NUI Maynooth\2014-
July24\July28\BlueSurface-fullscan.xrdml 
Comment Configuration=Chi-Phi-z Stage, Owner=User-1, Creation 
date=2/20/2012 9:05:27 AM 
      Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step 
size Omega:0.0001 
      Sample stage=Chi-Phi-z stage 240 mm (reflection); Minimum step size 
Phi:0.01; Minimum step size Chi:0.01; Minimum step size Z:0.001 
      Diffractometer system=EMPYREAN 
      Measurement program=C:\PANalytical\Data 
Collector\Programs\Wynette\ChiPhi-GonioProgs\Chi-Phi--Focus-gonio.xrdmp, 
Identifier=2921A34B-335F-4979-80AA-2E64430E0F31 
Measurement Date / Time 7/29/2014 10:12:53 AM 
Operator User 
Raw Data Origin XRD measurement (*.XRDML) 
Scan Axis Gonio 
Start Position [°2Th.] 10.0091 
End Position [°2Th.] 79.9881 
Step Size [°2Th.] 0.0130 
Scan Step Time [s] 58.3950 
Scan Type Continuous 
PSD Mode Scanning 
PSD Length [°2Th.] 3.35 
Offset [°2Th.] 0.0000 
Divergence Slit Type Fixed 
Divergence Slit Size [°] 0.2177 
Specimen Length [mm] 10.00 
Measurement Temperature [°C] 25.00 
Anode Material Cu 
K-Alpha1 [Å] 1.54060 
K-Alpha2 [Å] 1.54443 
K-Beta [Å] 1.39225 
K-A2 / K-A1 Ratio 0.50000 
Generator Settings 40 mA, 40 kV 
Diffractometer Type 0000000011121830 
Diffractometer Number 0 
Goniometer Radius [mm] 240.00 
Dist. Focus-Diverg. Slit [mm] 100.00 
Incident Beam Monochromator No 
Spinning No 
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Graphics: BlueSurface-fullscan 
 
  
Position [°2Theta] (Copper (Cu))
20 30 40 50 60 70
Counts
0
2000
4000
6000
8000
 BlueSurface-fullscan
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Peak List: Graphics: BlueSurface-fullscan 
 
Pos. 
[°2Th.] 
Height 
[cts] 
FWHM 
Left 
[°2Th.] 
d-spacing 
[Å] 
Rel. Int. 
[%] 
Tip Width Matched 
by 
25.5807 279.56 0.1791 3.48235 4.63 0.2149 98-006-
0930 
27.4444 6039.25 0.2175 3.24996 100.00 0.2610 98-000-
6062 
35.1571 754.17 0.0640 2.55266 12.49 0.0768 98-006-
0930 
36.1100 1988.84 0.1919 2.48746 32.93 0.2303 98-000-
6062 
37.7707 148.12 0.1535 2.38182 2.45 0.1842 98-006-
0930 
38.1555 439.19 0.1151 2.35868 7.27 0.1382 98-006-
2944 
39.2066 307.07 0.2047 2.29784 5.08 0.2456 98-002-
2008; 98-
000-6062 
41.2772 889.16 0.0895 2.18723 14.72 0.1075 98-000-
6062 
43.2620 639.38 0.0624 2.08964 10.59 0.0749 98-006-
0930 
43.3818 783.09 0.0895 2.08587 12.97 0.1075 98-006-
0930 
44.0724 811.78 0.1791 2.05478 13.44 0.2149 98-000-
6062 
52.5675 364.02 0.1791 1.74098 6.03 0.2149 98-006-
0930 
54.2549 1576.96 0.1092 1.68936 26.11 0.1310 98-000-
6062 
54.3681 2090.22 0.0780 1.69030 34.61 0.0936  
56.6630 674.85 0.1248 1.62314 11.17 0.1498 98-000-
6062 
57.4150 748.97 0.0780 1.60366 12.40 0.0936 98-006-
0930 
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57.5357 967.05 0.1092 1.60058 16.01 0.1310 98-006-
0930 
61.3093 167.90 0.3120 1.51080 2.78 0.3744 98-006-
0930 
62.7969 207.01 0.2184 1.47854 3.43 0.2621 98-000-
6062 
64.0646 279.66 0.2496 1.45230 4.63 0.2995 98-000-
6062 
64.4832 253.94 0.1872 1.44389 4.20 0.2246 98-006-
2944 
66.5172 291.67 0.2184 1.40458 4.83 0.2621 98-002-
2008; 98-
006-0930 
68.2244 367.97 0.0780 1.37353 6.09 0.0936 98-006-
0930 
68.4397 170.09 0.0936 1.37314 2.82 0.1123  
68.9510 522.42 0.0936 1.36082 8.65 0.1123 98-000-
6062 
69.2487 304.61 0.0936 1.35907 5.04 0.1123  
69.8082 262.05 0.2184 1.34619 4.34 0.2621 98-000-
6062 
72.5039 37.56 0.3744 1.30264 0.62 0.4493 98-000-
6062 
74.3575 34.14 0.3744 1.27469 0.57 0.4493 98-000-
6062; 98-
006-0930 
76.8595 441.62 0.1404 1.23931 7.31 0.1685 98-006-
0930 
77.1247 310.13 0.0936 1.23878 5.14 0.1123  
77.4428 336.26 0.1872 1.23143 5.57 0.2246 98-006-
2944; 98-
006-0930 
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Identified Patterns List: Graphics: BlueSurface-fullscan 
 
Visible Ref. Code Score Compound 
Name 
Displacem
ent [°2Th.] 
Scale 
Factor 
Chemical 
Formula 
* 98-006-
2944 
38 Gold 0.004 0.074 Au1 
* 98-002-
2008 
24 Palladium -0.214 0.055 Pd1 
* 98-000-
6062 
69 Rutile -0.008 0.856 O2 Ti1 
* 98-006-
0930 
66 Corundum -0.017 0.126 Al2 O3 
 
 
 
Plot of Identified Phases: BlueSurface-fullscan 
 
 
 
Position [°2Theta] (Copper (Cu))
30 40 50 60 70 80 90
 Peak List
 98-006-2944
 98-002-2008
 98-000-6062
 98-006-0930
